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Summary 

We used the interaction trap, a yeast genetic selection 
for interacting proteins, to isolate human cyclin- 
dependent kinase interactor 1 (Cdi1). in yeast, Cdi1 
interacts with cyclin-dependent kinases, including hu- 
man Cdc2, Cdk2, and Cdk3, but not with Ckd4. In HeLa 
cells, Cdi1 is expressed at the G1 to S transition, and 
the protein forms stable complexes with Cdk2. Cdi1 
bears weak sequence similarity to known tyrosine and 
dual specificity phosphatases. In vitro, Cdi1 removes 
phosphate from tyrosine residues in model substrates, 
but a mutant protein that bears a lesion in the putative 
active site cysteine does not. Overexpression of wild- 
type Cdi1 delays progression through the cell cycle 
in yeast and HeLa cells; delay is dependent on Cdi1 
phosphatase activity. These experiments identify Cdi1 
as a novel type of protein phosphatase that forms com- 
plexes with cyclin-dependent kinases. 

Introduction 

In eukaryotes, the cell cycle proceeds through two major 
checkpoints, one before the transition from G1 to S, the 
other before G2 to M. Many events that result in progres- 
sion through the G2 checkpoint are intracellular, such as 
thecompietionof DNAsynthesis (Enoch and Nurse, 1991). 
By contrast, many events that result in passage from G1 
into S, such as the binding of positive and negative growth 
regulatory proteins to receptors in the cell membrane, are 
extracellular (Pardee, 1989). in yeast, progress through 
both checkpoints depends on a cyclin-dependent kinase 
(CdK), encoded in Schizosaccharornyces pombe by cdc2' 
and in Saccharomyces cerevisiae by CDC28 (reviewed 
by Nasmyth, 1993). Cell cycle progression in mammals 
requires multiple Cdks. Cdc2 (Lee and Nurse, 1987) is 
required for the G2 to M transition (Riabowol et al , 1989). 
The G1 to S transition requires another Cdk, Cdk2 (re- 
viewed by Paganoetal., 1993;Tsai etal., 1993). Recently, 
more Cdks have been isolated, including Cdk3, Cdk4, and 
Cdk5. Although thefunctionof these proteins is not known, 
it is widely thought that they may also regulate progression 
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through particular parts of the cell cycie (Meyerson et a!.. 
1992). 

As the name suggests, Cdk activity depends on associa- 
tion with cyclins, regulatory molecules synthesized at dif- 
ferent times during the cell cycle that complex with Cdks, 
Availability of cyclins often regulates Cdk activity; in S. 
cerevisiae, the rate-limiting step for the G1/S transition 
is thought to be the accumulation of G1 -specific cyciins. 
including the products of the CLN1 , CLN2, CLN3< HSC26, 
and CLB5 genes (reviewed by Nasmyth, 1993). Mamma- 
lian cells also contain a number of cyclins during G1 to S 
(cyclins D1 , D2, D3, and E; reviewed by Sherr, 1 993), and 
it is likely that changes in their level result in changes in 
the activity of Cdks present at that time. For example, 
accumulation of cyclin E and the formation of active cyclin 
E--Cdk2 complexes are neccessary for cells to pass from 
G1 to S (Tsai et a!., 1993; Ohtsubo and Roberts, 1993). 

Cdk activity is also regulated by protein modification. In 
S. pombe, during G2, Cdc2 complexed with cyclin B is 
phosphorylated by the Wee1 and Mik1 tyrosine kinases 
on Tyr-15 at the ATP-binding site (reviewed by Nillar and 
Russell, 1992). The phosphorylated complex cannot hy- 
drolyze ATP until it is dephosphorylated by the Cdc25 tyro- 
sine phosphatase (see Moreno et al., 1989); dephosphory- 
lation occurs after DNA synthesis is complete and allows 
entry into mitosis. A similar mechanism apparently oper- 
ates in higher cells (Dunphy and Kumaga>, 1991; Gautier 
et a!., 1991; Parker and Piwnica-Worms, 1992). Cdc2 is 
also modified on at least one other residue, Thr-160, by 
Cdc2-activating kinase (see Solomon et al., 1993; Poon 
etal., 1993; Fesquet et al., 1 993). Thr-160 phosphorylation 
is required for binding of cyclins to Cdks and for full Cdk 
activity (Ducommun et al., 1991; Fesquet et aL, 1993 
Poon et al., 1993; Solomon et al., 1993). Although the 
relevance of phosphorylation to events at G1 to S is not 
clear. Cdk2 ; which is required for the G1 to S transition, 
is modified on the equivalent residues (Gu et al.. 1992). 
The cyclins complexed with Cdks also show intricate pat- 
terns of phosphorylation, although the significance of 
these modifications is not known (see, for example, Hall 
et aL, 1993; Koff et aL, 1992). 

These regulatory proteins are modulated by other regu- 
lators. For example, in S. pombe and probably in mamma- 
lian cells, at G2/M the Wee1 tyrosine kinase is negatively 
regulated by the Nim1 product, perhaps in response to 
signals that DNA replication is complete (see Coleman et 
al., 1993, and references therein). In S. cerevisiae, at 
G1/S, the activity of G1 cyciins is negatively regulated in 
response to a proliferation-inhibiting stimulus, a factor In 
this case, Fus3 (Elion et al., 1990) phosphorylates Fan 
(Chang and Hersl<owitz, 1990), which in turn binds to 
Cln1-Cdc28 and Cln2-Cdc28 complexes and inhibits 
their activity (reviewed by Nasmyth, 1993); Fus3also inhib- 
its CLN3 by an unknown mechanism (Elion et a!.. 1990). 
In mammalian cells, the upstream regulatory proteins op- 
erative at G1/S and G2/M are currently not well under- 
stood. The understanding of mammalian Cdk regulators 



and their upstream regulators is important, however, be- 
cause these proteins will likely help modulate Cdk activity 
by coupling it to signals inside and outside the cell. Modula- 
tion of Cdk activity during G1 is ot particular interest be- 
r «..^ p ;r Hnrinn t n i<= rwiod that cells typically decide 
whether to commit to a new round of passage through the 
cell cycle, to withdraw temporarily from the cycle and enter 
a nondividing resting state, or to withdraw permanently 
from the cell cycle and terminally differentiate (Pardee, 
1989). Failures in the mechanisms that govern these G1 
decisions may underlie some kinds of aberrant differentia- 
tion and cancer. 

To understand further mammalian G1 decisions, we 
have sought to isolate proteins involved in the process. 
To this end we developed a selection (the interaction trap) 
tor genes encoding proteins that bind to known proteins, 
a selection that reiies on work by Fields and Song (1989). 
We used the trap to isolate a protein, Cdk -nteractor 1 
(Cdil), that binds human Ccks. Cdil has weak sequence 
similarity to known tyrosine and dual specificity phospha- 
tases but is different enough to suggest that it belongs 
in a novel sequence class. Sequence similarity .s most 
pronounced in an 1 1 residue region that spans the putative 
active site. In vitro, Cdt1 dephosphoryiates tyrosines in 
model substrates. Cdil phosphatase activity is inhibited by 
chemical inhibitors and abolished by mutation of a critical 
cysteine in the active site. When overexpressed, Cdil re- 
tards cell cycle progression in yeast and mammalian cells. 
Cell cycle retardation depends on phosphatase activity. 
CDI1 mPNA is maximally expressed during G1 and G1/S, 
and the protein forms stable complexes with a Cdk, Cdk2, 
operative at this time. Cdil does not increase the kinase 
activity of tyrosine-phosphorylated cyclin-Cdk2 com- 
plexes. These experiments are consistent with the idea 
that the Cdil phosphatase might affect cell cycle pro- 
gression either by controlling phosphorylation of Cdk2-asso- 
ciated proteins or by acting together with Cdk 2 complexes 
on common substrates. 



tain an activation domain and other useful moieties (the 
"prey"). Relevant design criteria are detailed in Experimen- 
tal Procedures 

Isolation of Cdil 

We isolated CdM as described (see Experimental Proce- 
dures). We rescued library piasmids from cells m which 
both reporter genes showed galactose-dependent tran- 
scription, assigned the piasmids to three different classes 
by restriction mapping, identified piasmids from each 
class that contained the longest cDN A inserts, and verif ied 
by Western analysis with anti-epitope antiserum that the 
piasmids directed the synthesis of fusion proteins (data 
not shown). Detailed restriction mapping and partial DNA 
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Results 



Interaction Trap 

To isolate Cdil, we developed a general transcription- 
based selection for protein-protein interact.ons. This inter- 
action trap is an outgrowth of our attempts to use the modu- 
lar nature of transcription activators (Brent and Ptashne. 
1985; Ma and Ptashne, 1988; Tnezenberg et al., 1988) to 
detect protein-protein interactions in yeast It incorporates 
a seminal suggestion by Fields and Song (1 989) (see Dis- 
cussion), who, together with other groups, have also devel- 
oped effective methods for transcription-based interaction 
cloning (Chien et a!., 1991; Dalton and Tre.sman, 1992; 
Durfee et al., 1993; Vojtek et al.. 1993). Development of 
the trap, shown in Figure 1a, required careful attention to 
three classes of components: a fusion protein that con- 
tains a LexA DNA-binding domain and that is known to 
be transcriptionally inert (the "bait"); reporter genes that 
have no basal transcription and that are bound by the bait; 
and the proteins encoded by an expression library, which 
are expressed as chimeras and whose ammo termini con- 



Figure t . InteraOon Trap 

(a) (Left) EGY48-pl840 contains two report genus, LexAop-LLU2 
and LexAop-lacZ, and a transcriptionally inert Le>A-Cdc2 ba-t. Syn- 
thesis ot library proteins is induced by growing the yeast in galactose 
medium (Middle) The library protein does not interact with the tran- 
scriptionally ,ner bait; the reporter genes are not transcribed: the cell 
does not form a colony on L.eu medium, and it contains no [i-galacto 
sidase activity (act) (Right) The horary protein interacts with the bait, 
and both reporters are active; the ceil forms a colony or Leu medium, 
cells in the colony have [J-ga.actosidase and are blue on <^Gal medium. 

(b) The pJG4-5 library plasmid and the invariant 107 amino acid moiety 
■it encodes This moiety carries amino to carboxyt temrvni. an ATG, an 

SV40 nuclear localization sequence (PPKKKRKVA. Kalderon et ^ 
1984). the B42 transcription activation domain ( Ma and Ptashne. 1987). 
and the HAi epitope tag (VPYDVPDYA, G^een et a! . 1982) pJG4-5 
directs the synthesis of proteins under the control uf a derivative C the 
O&L 1 p— --^ it ra-es a 2u replicator and a TRP1 ' selectable marker 
rONA^s :nseri e d on EcoRI-Xhol fragments Downstream of the Xhol 
site pJG4-5 contains the ADHl transcription terminator 
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ui) In inter acl-on assays v 
plasm d mat expressed lagged Cdil 'ntu 
EG i'48-p1840 derivatives that contained differ- 
ent baits We streaked eight individual trans- 
formants of the Cdi 1 -transformed bait strain I ho- 
nzontal streaks) or the sane bait strain plus the 
library vector as a convoi (adjacent vertical 
streaks) onto a master olate. and we replica 
plated it onto each of three plates: control, lira 
T-p His glucose, on which all strains grow; glu- 
cose, Ura Trp His Leu glucose, which selecs 
for the transcription of the LexAop-LEU2 re- 
porter am: galactose. Ura Trp His Leu galac- 
tose, whicn selects for transcription of the Lex- 
Aop-LEU2 reporter and on when Cdil s 
i ^ ~> expressed. Bai's were I exA-Cdc? (1). LexA- 

t Bicoid (2). LexA-Max (3), LexA-Cln3 ;4), LexA- 

p Fus3 (5). and LexA-c-Myc-C-term [6} Note that 

on glucose the Cln3 bait weakly activated the 
Le>Aop-LEU2 reporter but that on galactose the 
inferiority of the carbon source and diminished 
bail expression from the AC-HI prorr-oter (Brent 
and P'ashne, 1984) eliminated this background 
(b) in immunoprecipitations. We grew 100 ml cul- 
tures of EGY48 that contained a Cdi1 -expressing 
library plasmid and either LexA-Cdc2 or LexA- 
Bicoid in galactose or glucose medium and then 
prepared cell extracts as described (Wittenberg 
and Reed. 1988). Extract (5 uJ) was taken as a 
control, and rabbit anti-LexA antiserum (15 pi) 
was used to immunopreoDitate Le>A fusion pro- 
teins as described (Wittenberg and Reed, 1 988). 
PeMets were dissolved n Laemmli sample bufer, 
run on a 12.59fo SDS protein gel. and blotted 
onto nitrocellulose. Tagged Cdi1 was identified 
by Western analysis o* the blotted proteins with 
the 12CA5 monoclonal ant'-hemagglutinin anti- 
body (Ausube! et a! . 1987-1993) Lane 1. galactose. LexA-Bicoid. immunoprecipitation; iane 2, glucose, LexA-Bicoid, mmunoprecipitat.on; lane 3, 
galactose, LexA-Bicoid, extract, lane 4, glucose, LexA-Bicoid, extract; Lane 5, galactose. LexA-Cdc2, immunoprecipitation. .ane 6. glucose. LexA- 
Cdc2, immunoprecipitation; lane 7, galactose, LexA-Cdc2, extract; lane 8, glucose, LexA-Cdc2, extract. 
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sequencing showed that two of the recovered cDNA 
classes were previously identified genes CKSIhs and 
CKS2hs, the human homologs of the S. pombe sucV prod- 
uct (Richardson et al., 1990). Sequence of the third cDNA 
class showed it to be a previously unidentified gene. We 
called this gene CDI1 and its protein product Cdi1. We 
expressed activation-tagged Cdi 1 in a panel of EGY48- 
derived strains containing different baits to test the repro- 
ducibility and specificity of its interaction (Figure 2a). As 
judged by the LEU2 and iacZ transcription phenotypes, 
CdM interacted specifically with LexA~Cdc2 and did not 
interact with LexA-c-Myc-C-term, LexA-Max, LexA-Bi- 
coid, LexA-Cln3, or LexA-Fus3 (Figure 2a). Cdi1 did, how- 
ever, interact with other Cdks (see below). Specificity of 
the Cdi1-Cdc2 interaction was confirmed by physical cri- 
teria: in vitro, anti-LexA antiserum precipitated epitope- 
containing proteins from yeast extracts that contained 
LexA-Cdc2 and Cdi 1 , but not from extracts that contained 
LexA-Bicoid and Cdi1 (Figure 2b, lane 5); the mobility of 
the precipitated proteins was identical to that of immunore- 
active Cdil bands in extracts of yeast that contained 
tagged Cdi 1 but were not precipitated (Figure 2b, lanes 
3 and 7). 



The Cdil Protein 

CDI1 was isolated from 12 different library plasmics that 
contained cDNAs of four different lengths. Sequence anal- 
ysis reveaied thai aii CDi / cDNA inserts contained ar i open 
reading frame, and inspection of the sequence of the lon- 
gest cDNAs revealed an ATG with a perfect match to the 
consensus translation initiation sequence (PuCC/GATGG, 
Kozak, 1986) (Figure 3a). Careful analysis of the size of 
CDI1 mRNA in HeLa cells (data not shown) revealed that 
this ATG occurs between 15 and 45 nt from the 5' end cf 
the CDI1 message, suggesting that the longest cDNAs 
spanned the entire open reading frame, which spans 212 
codons. Since isolated CDi 1 cDNAs by definition encoded 
proteins that interacted with Cdc2, the sizes of CDH cDNA 
inserts from this hunt necessarily localized the portion of 
the protein sufficient for interaction with Cdc2 to the car- 
boxy-terminal -170 amino acids of Cdil. The Cdi 1 se- 
quence (Figure 3a) revealed previously identified protein 
motifs. First, at the ammo terminus. 19 out of 35 amino 
acids are either proline, glutamic acid, serine, or threo- 
nine. Proteins that contain these stretches, called PEST 
sequences, are degraded rapidly (Rogers et al., 1986). 
and this stretch of Cdi 1 is more enriched in these amino 



Ceil 
;9>: 



Figure 3 CDI1 Coding Sequence and Deduced Prote,n Sequence 

s„es (SfT-X-X-D/E; Pinna, 1 990) a, 10> * 

potential protein kinase C sites (S/T-X-R/K, wooogeuw , ' 

^8 and 200; and a weak match to -he Cdk consensus ^^J* 

where X is polar and Z generally bas,c; Moreno and Nurse, ,990) 

162. 



acds than the carboxyl ternnin, of the yeast G1 cycl.ns 
in wh,ch the PEST sequences contri bute , to their r ap.d 
degradation (see Nasmyth, 1993). Second, the Cd,1 se- 
quence contains potential sites for phosphorylation by ca- 
sein kinase II and protein Kinase o «.nu a *eak ...a.-.__ - 
a s;te for phosphorylation by Cdc2 (see the legend to Fig- 
ure 3a) Third. Cdi1 shows weak similarity to protein phos- 
phatases such as human protein tyrosine phosphatase 1 B 
(Figure 4a; Charbonneau et a... 1989). The amrianty ■ « 
strongest in residues 138-148, which show a good match 
,o the tyrosine and dual sped icity phosphatase active site 
consensus sequence, (l/V)HCXAGXXR(SfT)G ( F,gure 4b; 
Charbonneau and Tonks, 1 992). However, with few excep- 
tions (Guan et aL 1991a: ishabashietal., 1992) known 
nonreceptor tyrosine and dual specificity phosphatases 
<eem to have two functional regions; an -200 residue 
catalytic domain and a unique variable-sized so-called reg- 
ulatory region thought to be important for subcellular loca^ 
,za.ion and regulation cf activity (see Charbonneau and 
Tonks. 1992). Full-length CdH is about the s,ze of an .so- 
rted catalytic domain. These facts suggested that if Cdil 
were a protein phosphatase, it would be one of unusua, 
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Figure 4 Comparison 
ficity Phosphatases 

.at Comparison of Cdil and human placental prote.n tyrosine phospha- 
a J B ( P "lb; Charbonneau e. aL 1989). Sequences were aligned 
by the GAP algor„h,m (Pearson and Lipman. 1988) Vertical "nes indite 
« colons and periods indicate consented changes. Hjgh y co- 
served residues found in all phosphatases are indicated by asterisks 

5X£S oMhLcve s. region o, Cd,1 to the act.e £ re,on 

Mother tyrosine ^^^K 

top block mciuaes nun i<in . ^e.. H -^e... ./ — ■> . /ptpiRi 
Cool et al„ 1989), human protein tyrosine phosphatase IB (PTP1B , 
human ieukocyte common antigen-related prote.n 

et a, 99 a tyros ne and dual specificity phosphatases. The bottom 
ock o C d c25 proteins are from human (HsCdc25: Galaktionov an 
' .° . Q V qjh u p, a i 1 990V Drosophila (Dmstr , Edgar and O Farreil. 
TgegT's "cerev, ,ae (ScMIHl! Russell e, a... 1989), and S pornbe 
S P cdc25 Russell and Nurse 1986). In the top block the highly con- 
ferved active site his.idine. cysteine, glycine, and arg.n.ne residues a e 
shown m bold; ,n the Cdc25 proteins, the conse.ed glutamic ac,d and 
the serine thai replaces glycine in the active s,.e are also ,n bold 



Protein Phosphatase Activity of Cdil 

We tested the ability of Cd,1 to dephosphorylate phospho- 
tyrosme-contaming substrates. We altered the Cdil codon 
corresponding to the catalytic cysteine (Pot and Dixon. 
1992) in the tyrosine phosphatase active site consensus 
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la) Hydrolys.s of P NPP :>y GST -Cm prcU* ns 
We incubated 20 mM pNPP with .nc cated 
amount o* proteins as desc nod t- Fxpermentai 
Procedures Squares. Cdil . Lire les. CcM w/hu - 
iM Na ( VO;, triangles. Cdil-Cl4CS 
(0} Time course of '-'P-iabeied Ravtide dephos- 
phorylation by GST -C-<Ji1 We incubated 10 
cpm of Raytide with 10 ng of indicated proteins 
for the indicated t:mes at 30°C as described m 
Experimental Procedures Sauares, Cdil: cir- 
cles, Cdil with 0.5 k;M Na.VO,. triangles, CdM- 
C140S. 
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(C140) to one encoding serine (see Experimental Proce- 
Hnre^ We oroduced Cdil and Cdil -CMOS in Esche- 
richia coli as glutathione S-transferase (GST) fusions and 
purified them to ~ 90°b~95% homogeneity, as judged on 
Coomassie-stamed SDS protein yeis (data not shown). 
We used the purified proteins in phosphatase assays with 
model substrates. First, we utilized the chromogenic sub- 
strate para-nitropheny! phosphate (pNPP; Sigma). Wild- 
type Cdil efficiently hydrolyzed pNPP. Hydrolysis in- 
creased linearly as a function of Cdil concentration 
(Figure 5a). Cdi1-C140S did not catalyze detectable 
pNPP hydrolysis (Figure 5a). Sodium vanadate, an inhibi- 
tor of the Known phosphotyrosine-specific phosphatases 
(Charbonneau and Tanks, 1992), effectively blocked hy- 
drolysis by wild-type Cdil (Figure 5a). In 2 hr incubations. 
1 molecule of GST-Cdi1 catalyzed hydrolysis of -140 
pNPP molecules(1 .2 mol/min). On a molar basis. Cdil was 
8-12 times more active than similarly purified full-length 
human Cdc25C (data not shown). 

We then tested the ability of Cdil to dephosphorylate 
a peptide substrate. For this purpose we labeled a peptide 
(Raytide; Oncogene Sciences. Incorporated. Manhasset, 
New York) with c-Src tyrosine kinase and [y- 32 P]ATP. We 
incubated labeled peptide in the presence or absense of 
Cdil and measured released 3? P0 4 (see Experimental Pro- 
cedures). Results with this substrate were similar to those 
with pNPP. Wild-type Cdil efficiently removed phosphate 
from the peptide. Sodium vanadate inhibited dephosphor- 
ylation. Cdil -C140S displayed no activity (Figure 5b). We 
also tested whether Cdil functioned as a serine/threonine 
phosphatase by determining whether it could remove 
phosphates from ^P-labeled H1 histone phosphorylated 
by Cdc2; in our hands, it did not (data not shown). The 
above results demonstrate that Cdil is a protein tyrosine 
phosphatase and suggest that it is not active against ser- 
ines and threonines. 

Cdil Expression in HeLa Cells 

Because it interacts with Cdks, we explored the possibility 
that the Cdi 1 phosphatase might affect ceil cycle progres- 



sion. We first examined Cdil expression during thu ! -~- 
cyc i e . we synchronized exponentially growing adherent 
HeLa cells by two cycles of treatment with high concentra- 
tions of thymidine to arrest them in late G1 , followed by 
release from this block by exposure to normal concentra- 
tions of thymidine, measured their progression through 
the cell cycle by fluorescence-activated cell sorting (Figure 
6a), and isolated RNA at different times. These cells en- 
tered S phase more slowly after release from block than 
reported for suspension HeLa cells (Lew et al., 1991). As 
is shown in Figure 6b, expression of CDH mRNA peaks 
during late G1 and early S. Accumulation of Cdil protein 
follows the same pattern, as judged by Western blots with 
anti-Cdil antiserum (data not shown). In these experi- 
ments, two reference mRNAs showed the expected time 
of expression: cyclin E mRNA was expressed late in Gl 
and disappeared by late S phase (Lew et al.. 1991), while 
cyclin B1 mRNA was expressed later, appearing in S 
phase and disappearing in M (Pines and Hunter, 1989). 

This timing of expression suggested that Cdil phospha- 
tase might function during late G1, during the G1 to S 
transition, or during early S. To test this idea, we stably 
transfected HeLa cells with a piasmid that expressed Cdil 
from the Moloney murine leukemia virus long terminal re- 
peat and includes the neo resistance gene. Compared 
with the vector, the Cdil -expressing construction did not 
yield a reduced number of G41 8-resistant transformants. 
However, fluorescence-activated cell sorting analysis of 
DNA in Cdil -expressing transformants showed a signif.- 
cant and reproducible increase in the proportion of cells 
in Gl or early S relative to control populations (Figure 6c), 
suggesting that Cdil overexpression may retard passage 
through these phases of the HeLa cell cycle. 

Cdil Expression in Yeast Cells 

Cdil also inhibited cell cycle progression in yeast. Cultures 
of S. cerevisiae that expressed Cdil increased their cell 
number and optical density more slowly than control popu- 
lations (Figure 7a; data not shown). Microscopic examina- 
tion of these cells showed that, compared with controls, 
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r gure 6 CD/ 7 Exposson n HeLa '>i,s 
a ana oj Tm.ny We :y/r,c fw oni/e;' ;i^^e r e"! 
HeLa cells by a double thymic^ne blocn iLt.;w >A 
al 1 99 M and collected ahquots eve -7 3 hr a*ter 
Please (a) Fluorescence-advated cell sorVng 
analysis of DNA content, which shows that ceils 
reentered the ceil cycle 9 h- after release (b) 
No-then blot analysis of RNAs. RNA from each 
aliquot was r un nn a 'ormaldohyde-aqarose qel 
and blotted onto nylon as described (Ausubel et 
al., 1987-1993) The blot was probed with ran- 
dom-primed DNA proses from CDI1 , human 
cyclm E, human cycln B1. and human glyceral- 
denyde-phosphate-oehydrogenase (GAPD;. a 
normal'zation control. Lare labels snow times n 
nours after release. 

(c) Effect. HeLa cells we r e transfer-ted eithe r //iin 
pBNCdil (see Experimental Procedures}, which 
directed the synthesis of CdM, or with vector 
alone and were analyzed as described in Experi- 
mental Procedures The G1 midpoint is def-ned 
as the mode of the distnbut-on of each graph; the 
mooes on the two panels are of d-fterent he igrts 
,'2^2 counts for ce'ls transformed with the vector 
1 01 counts for cells that contain Cdi 1 ); the broad- 
ened peak in the Cdi 1 cells reflects the increased 
proportion of the population containing apppro<i- 
mateiy 1 * DNA content. Results of a typical run 
are shown 



Cdh-expressing cells were larger and, when stained with 
DAPI, that the nuclei of some of the largest cells were not 
condensed (data not shown). Less than 10% of the cells 
in Cdil -expressing populations showed buds, as opposed 
to 40°/o of the cells in the control population, suggesting 
that more of the cells in the Cdt1 -expressing population 
wereinGI and that Cdi1 overexpression causes a retarda- 
tion in passage through the cell cycle similar to its effect 
in mammalian cells (Figure 7b). 
We examined two models for Cdi 1 inhibition of cell cycle 



progression. First, because Cdil interacts with Cdc28 (see 
below), its growth retardation phenotype might be due to 
sequestration of yeast Cdc28 into protein complexes that 
were not competent to cause the cell to traverse G1 and 
early S. If so, then the phenotype should be reversible 
by co-overproducing the human Cdc2 against whicn CdM 
was selected. Second, because Cdi 1 is a protein phospna- 
tase, its inhibitory effect might be dependent on its phos- 
phatase activity. To test these ideas, we expressed w.ld- 
type CdM and the Cdh-CUOS mutant in cells that 
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(a) Growth rates of celist^at expressed CdiV S 
cerevis:ae W303 that car ed the indicated com- 
tunat oris of Cdil ard/or Cdc2 express-on vec- 
tors were grown in the indicated media and 
growth monitored by OD«.-. as described m Ex- 
perimental Procedures. Note that the Cdi 1 and 
Cdc? expression nlasmids together caused 
some growth .nhibition even in glucose medium, 
which we attr.bute to eakv expression 'rom the 
ijAL i promoter denvative on the pJG4-i expres- 
i-cn plasmid (J. G. unpuslishec data) Closed 
triangles, eoresson vectors only; cpen 
squares, CdcZ, open crcles. wild-type Cdil: 
open Hangles, CdM-C^OS closed souares. 
Cdc2 and wiid-type Cdil; closed circles, Cdc2 
and Cdi1-CK0S. 

(b) Budding index. Cells that e<pressed Cdi 1 or 
contained the expression sector were grown for 
6 hr m galactose as descrbed above Cells f400 
f-orn each population) were examined by phase- 
contrast microscopy, and ? he budding index was 
calculated as the percentage of budded cells in 
each population 




contained Cdc28. with and without overexpressed native 
human Cdc2 

Figure 7a shows that coe> pression of Cdc2 did not res- 
cue Cdil -dependent growth inhibition. Tne Cdil-C140S 
mutant did not cause growth inhibition, whether it was 
expressed alone or together with Cdc2 (Figure 7a). Unex- 
pectedly, coexpression of Cdc2 with wld-type Cdi1 in- 
creased the severity of the CdM -dependent growth inhibi- 
tion by about 2-fold (Figure 7a). These experiments 
suggest three conclusions. First, because expression of 
excess Cdc2 does not rescue Cdil growth retardation, 
they suggest that this growth inhibition cannot be ex- 
plained by simple sequestration of Cdc28 into nonfunc- 
tionai complexes, second, because . -^e K b, ^ ~ YV - 
inhibition is strictly dependent on the phosphatase activity 
of Cdi, these results suggest that the inhibition is due to 
dephosphorylation of Cdil substrate(s) Finally, because 
CdM -dependent growth inhibition is heightened by coex- 
pression of Cdc2, these results suggest a functional ge- 
netic interaction between Cdil and Cdc2 in addition to the 
physical interaction. 

Cdil Activity In Vitro 

We considered two explanations for the genetic interaction 
between Cd.1 and Cdks suggested by the yeast coexpres- 
sion experiments. First, just as Cdc2 is reported to phos- 
phorate Cdc25 and increase its phosphatase activity 
(Hoffman et a!., 1993), we thought that Cdc2 might phos- 
phorylate Cdil and increase its activity. We thus tested 
whether known Cdks could phosphorylate Cdil in vitro. 
We found that neither Cdc2 nor Cdk2 complexes isolated 
from HeLa ceils nor cyclin B1-Cdk2 complexes reconstitu- 
ted from pure proteins expressed in Sf9 cells (a gift of 
B. Gabnelli and H. Piwmca-Worms) could phosphorylate 
GST-Cdi1, although these complexes phosphorylated 
histone Hi' (data not shown). Second, we asked whether 
Cdil activated Cdks. For this purpose we used a cyclin 
Bl-Cdk2 complex phosphorylated in vitro on Tyr-15 by 
the human Wee1 tyrosine kinase (a gift of B. Gabnelli and 
H Piwmca-Worms). Treatment of this complex with GST- 
Cdi1 did not increase its histone H1 kinase activity, while 
treatment with GST-Cdc25C did (data not shown). This 
suggested that CdM is unable to remove the inhibitory 
phosphate from Tyr-15 and to activate the kinase. Thus, 
although Cdil phosphatase and Cdks interact, these re- 
sults suggest that neither protein is a substrate for the 
other. 



Cdil Interaction with Cdks in Yeast 

Since CdM is normally expressed during G1 and its over- 
expression retards the G 1 to S transition, it seemed possi- 
ble that it might normally form complexes with Cdks other 
than Cdc2. To determine which Cdks might be CdM part- 
ners, we used the interaction trap to measure the ability 
nf CdM to interact with a panel of different bait proteins. 
Th, s panel included LexA derivatives of Cdc2 proteins 
from yeast (Lorincz and Reed, 1984). humans (Lee and 
Nurse . 1987). and flies (Jimenez et al.. 1990; Lehner 
and O'Farre!!, 1990). LexA derivatives of human Cdk2 



(Elledge and Spotswood. 1 991 ; Tsai et al.. 1 991 ) and Cok3 
(Meyerson et al.. 1992), and LexA derivatives of the less 
closely related human Cdk4 (Hanks, 1 987) and yeast Fus3 
(Eiion et ai , 1990). 

Table 1 snows that activation-tagged CdM stimulated 
transcription from these baits to different levels: Cdt1 ^ act ^ 
vated strongly in strains that contained the human Cdc2 
bait agamst which it wdb b^ieciec tcs^ ^< ■■> — 
that contained S. cerevisiae Cdc28, human Cdk2 t or hu- 
man Cdk3 baits, and only weakly in strains that contained 
DmCdc2. one of the two Drosophila Cdc2 homologs. In 
strains that contained human Cdk4. DmCdc2c. or Fus3 
baits. Cd«1 did not activate at all (Table 1 ). All kinases with 
which CdM interacted contained the so-called PSTAIRE 
motif, a stretch of amino acids that includes the Cdk cata- 
lytic site (Meyerson et al., 1992). CdM did not interact with 
Cdk4, which has a similar sequence in this region (P1ST- 
VRE Meyerson et al., 1992), or with Fus3, which has no 
apparent similarity to this region. Cdi 1 did not interact with 
DmCdc2c. which contains a PSTAIRE motif but which dif- 
fers substantially at other residues This experiment sug- 
gested that the partners of CdM in mammalian cells may 
be other PSTAIRE-containing Cdks present when CdM is. 
such as Cdk2. 

Association of CdM with Cdk2 in HeLa Cells 

To explore the Cdi1-Cdk2 interaction, we used anti-CdM 
antiserum (tested as described in Experimental Proce- 
dures) and other antisera that specifically recognized 
Cdc2 and Cdk2 (g.fts of L.-H. Tsai and E. Harlow) to precip- 
itate complexes containing these proteins from ^-labeled 
HeLa cell extracts. Precipitated proteins were separated 
on SDS gels (Figure 8a). CdM antiserum brought down 
major protein bands with apparent molecular masses of 
21 kd and 33 kd (Figure 8a, lane 3). These bands were 
absent from precipitates that used Cdi 1 preimmune serum 
(Figure 8a, lane 2) and nonspecific rabb't serum (lane 6). 
The 21 kd band corresponded to CdM; its mobility was 
the same as that of in vitro translated Cdi \ and of immuno- 
precipitated in vitro translated CdM (see Experimental Pro- 

, r tu„ oo u a kqH a similar mobilitv to one 

of the two major bands immunoprecipitated from HeLa 
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EGY48-j"k 103 contained tagged Cdil and plasrr.ds that expressed 
afferent LexA-CdK Pa;ts human Cdc2 Cdk2 Cdk3. and Cdk4; S 
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h gure 8 Cdi "! -Associated P r ote ir ih n 
Labeled He La Cell Extracts 
Proteins were avnunoprec stated f rom Me La 
cell extracts and analyzed as described n t 
i mental Procedures 

la) Molecular mass markers iM} (lane 1). pre-m- 
Tune serum (lane 2). and anti-Cci 1 (lane 3). ant,- 
Cdc2 (lane 4). anti-Cdk2 (lare 5). and nonspecific 
rabbit (NR) (lane 6) antisera. 
(b) Partial proteolysis of protein* with .ndicateci 
amounts of S aureus V8 protease was as de- 
scribed (see Experimental Procedures) Lanes 
1-3, in vitro translated (IVT) Cdc2; lanes 4-6, 
p33 band from anti-Cdil immuroprecipitations. 
lanes 7-9, in vitro translated (IVT) Cdk2. 



iysates with the antl-Cdk2 antisera (f igure 8a, lane 5), The 
mobility of these two bands matched published reports in 
which the 33 kd band corresponds to Thr-160-phosphory- 
lated Cdk2 (p33" k? ), and the 35 kd band corresponds to 
Cdk2 that is not phosphorylated at this residue (p35 Cdfc2 ; 
Gu et al., 1992). These results suggested that Cdi1 might 
form complexes with p33, the active form of Cdk2. Com- 
parison of the bands in the CdM precipitation to those in 
the anti-Cdc2 precipitation (Figure 8a, lane 4) suggested 
that in HeLa cells Cdi1 does not associate with Cdc2. Cdk2 
antiserum did not precipitate detectable amounts of the 
21 kd Cdi1 band (Figure 8a, lane 5), suggesting that Cdi1 
might make essentia! contacts with the stretch of the Cdk2 
carboxyl terminus to which the antiserum was raised. Cdi1 
antiserum brought down other proteins of higher molecu- 
lar mass. Three of these bands, of apparent molecular 
masses of 45-63 kd, were also precipitated with anti-Cdk2 
antiserum. From their molecular masses, these bands 
may be the Cdk2-associated cyclins A (63 kd), B1 (55-56 
kd), and E (45-50 kd) (Pines and Hunter, 1989; Draetta 
and Beach, 1988; Tsai et al., 1993). 

To confirm the tentative identification of the Cdil- 
associated 33 kd band as p33 Cdk2 , we subjected the 35 S- 
labeled 33 kd protein band to partial proteolysis with V8 
and analyzed the products on SDS gels (Harlow and Lane. 
1988). We compared the pattern of bands with that given 
by similarly treated human Cdk2 synthetized by transla- 
tion in vitro (see Experimental Procedures). The pattern 
resulting from digestion of the 33 kd band was identical 
to that obtained from Cdk2, indicating that in HeLa cells 
one partner of Cdi1 is Cdk2 (Figure 8b, lanes 4-9). This 
pattern was distinctly different from the pattern resulting 
from digestion of Cdc2 (Figure 8b, lanes 1-3). 

Discussion 

Passage of eukaryotic cells through different phases of 
the cell cycle is dependent on Cdks. Interacting regulatory 
proteins connect the activity of the Cdks to signals gener- 
ated inside the cell and to events in the extracellular envi- 
rQn ment ^herr 1993V To understand better cell cycle 



regulation in humans, we developed a general yeast tran- 
scription genetic selection and used it to isolate proteins 
that touch Cdks and might modulate their activity or func- 
tion with them during the cell cycle, This selection, the 
interaction trap, relies on the fact that eukaryotic transcrip- 
tion activators are often composed of discrete DNA- 
binding and activation domains and that the activation do- 
main can be brought to the promoter by protein-protein 
interactions (Brent and Ptashne, 1985; Ma and Ptashne, 
1988; Fields and Song, 1989). It is especially dependent 
on the two-hybrid system proposed by Fields and Song 
(1989) in that our use of transcription to detect proteins 
that interact with DNA-bound baits incorporates their sug- 
gestion that potential interacting proteins could be de- 
tected if they carried activation domains. Several tech- 
niques that make use of this suggestion have been 
developed in a number of labs (Chien et al., 1 991 ; Dalton 
and Treisman, 1992; Durfee et al., 1993; Vojtek et al.. 
1993). 

As demonstrated here and in Zervos et al. (1993). a 
number of features make the trap particularly useful. First, 
the reporters have qualitatively different phenotypes: the 
LexAop-LEU2 reporter provides a selection, allowing 
large numbers of potential interactors to be easily sur- 
veyed, while the LexAop-lacZ reporter provides a simple 
secondary test to reject adventitious LELT colonies. Sec- 
ond, the reporters have different promoters, which may 
eliminate false positive proteins that interact with the pro- 
moter instead of the bait. Third, the reporter phenotypes 
differ in their sensitivity, which affects the affinity of the 
bait-prey interactions they can detect. The LexAop-LEU2 
reporter responds to interactions with an apparent K D of 
about 10 6 M, while the different LexAop-lacZ reporters 
respond with different sensitivities; which iacZ reporter is 
used is determined by the investigator. Fourth, the activa- 
tion region on the library proteins is relatively weak, to 
' avoid restrictions in the spectrum of recovered proteins 
that might be caused by the strong, semitoxic activation 
domains of GAL4 and VP16 (Gill and Ptashne, 1988; Trie- 
zenberg et al., 1988, Berger et al., 1992). Finally, condi- 
tional expression from the library vector allows the Leu 




and lacr phenotypes to be unambiguously ascribed to the 
library protein, diminishing the number of library plasmids 
.hat must be eluded by subsequent tests. While useful 
schemes with some of these attributes have recently been 
described (e.g.. Vojtek et al.. 1993), none has the entire set. 

Because this interactor hunt used a relatively msensit.ve 
/w rppnrter :t identified only three proteins, all of which 
associate strongly with human Cdc2. Two had been pre- 
viously identified: the CKS1 and CKS2 proteins (Richard- 
son et al 1990), the human homologs of the S. pombe 
sucr product. Cdi1, the protein reported here, contains 
212 ammo acids, of which the carboxy-terminal 170 are 
sufficient for interaction with Cdc2. Cdi1 has consensus 
sites for protem kinase C and casein kinase II. The ammo- 
terminal 35 residues of the protein comprise a PEST se- 
quence (Rogers et al.. 1986). Cdh possesses weak se- 
quence similarity to the catalytic domain of protein tyrosine 
and dual specificity phosphatases, including similarity to 
a stretch of ammo acids that defines the active site (Cnar- 
bonneau and TonKS, 1992). From sequence, Cdil is more 
different from known nonreceptor tyrosine and dual speci- 
ficity phosphatases than these are to one another, and it 
apparently lacks lite regulatory domain found in all these 
proteins except the VH1 -related phosphatases (Charbo- 
neau and Tonks, 1992). In vitro, Cdi1 possesses tyrosine 
phosphatase activity on model substrates such as pNPP 
and tyrosine-phosphorylated peptides. Cdil activity is in- 
hibited by chemical inhibitors and by a mutation that elimi- 
nates a cysteine in the catalytic site. These facts establish 
that Cdil represents a novel class of human protein phos- 
phatase, which, like S. cerevisiae Cdc14 and Cdc25, may 
function in cell cycle progression (Millar and Russell, 1992; 
Wan et al., 1992). 

in HeLa cells that express Cdil under the control of a 
retroviral promoter, the proportion of cells in the population 
in G1 or early S is increased, suggesting that Cdil overex- 
pression delays progression beyond these stages of the 
cell cycle This fact is consistent with the time of its expres- 
sion which is strikingly specific for the cell cycle stage: 
in synchronized populations, CD/7 mRNA is highest during 
G1 and at the G1 to S transition. Expression of Cdil also 
retards cell cycle progression in S. cerevisiae; again, Cdil 
increases the proportion of cells in G1, suggesting that 
expression retards the G1 to S transition. Retardation re- 
quires Cdil phosphatase activity and is enhanced by over- 
pxpression of Cdc2. These results indicate that cell cycle 
retardation by Cdil is not likely due to sequestration ot 
Cdc28 by Cdi 1 into inactive complexes and suggest a func- 
tional genetic interaction between Cdil and Cdks. 

As measured by interaction in yeast, Cdil interacts with 
Hifferont Cdks with very different affinities. All Cdks with 
which Cdil interacts strongly (Cdc2. Cdk2, and Cdk3) con- 
tained a distinctive set of amino acids in the active site, 
the so-called PSTAIRE motif (Meyerson et al.. 1992). To 
identify those proteins complexed with Cdil in human 
cells we immunoprecipitated Cdi1-associated proteins 
from HeLa cells. The apparent molecular mass of one of 
these (33 kd) suggested that it might be the Thr-160- 
phosphorylated form of Cdk? We analyzed this protein 
by partial V8 proteolysis and confirmed that the protem 



was Cdk2 We were unable to demonstrate an association 
of Cdil with other Cdks in HeLa extracts These experi- 
ments demonstrate that Cdil associates with Cdk2, a ki- 
nase thought to govern the CI to S transition, and thus 
further emphasize that Cdil may influence this transition. 

The most obvious model for Cdil function, given its as- 
sociation with Cdk2. is that CdH tunction might modify 

Cdk2, depnosphoryiaung ihe I yr- io cc^..^., 

lating kinase activity. However, since we cannot activate 
tyrosine-phosphorylated Cdk2-containmg complexes by 
treatment with Cdil, we do not think it removes tyrosines 
from Cdk2. A second mode! is that Cdh dephosphorylates 
other Cdk2-associated proteins, such as cyclins, thus indi- 
rprtly affectina Cdk activity, this idea receives support 
from the fact that complex patterns of cyclin A, B1, D1, 
and E phosphorylation exist (see, for example, Hall et al , 
1993; Koff et al. , 1 992). A third model is that Cdil functions 
with other members of Cdk2-containing complexes on 
common substrates. This idea is consistent with the ob- 
served functional interaction between CdM and Cdks in 
yeast in which coexpression of Cdc2 increases Cdh- 
dependent cell cycle retardation. In this view, the proteins 
complexed with Cdil may provide the regulatory domam 
that Cdil apparently lacks. Identification of the Cdn sud- 
strate(s) will help distinguish among these ideas and in 
understanding the function of this Cdk2-associated phos- 
phatase during G1 and early S. 

Experimental Procedures 

Bacteria and Yeast 

Manipulation of E. col, and DNA was by standa ; d methods (Ausube 
et a! 1987-1993) "Sire" mcrAA (mrr, hsdRMS, mcrBC) endAl 
supE44 thhl gyrA9b re.AI lac recS re^ see J., ■, , 

F1proAB/ac/°ZJ„..,] :Tn10((er) (Stratagene, Incorporated) and Kv,8 
pyrF Tn5 hsdR leuB600 rrpC983C /ac J 74 sir A galK h,sB436 (a gift of 
K Struhl) were used as hosts The growth ratee> P er ments used W ,03 
(MATa ,r P 1 ura3 his3 >eu2 can; Oar1::LEU2) (a gift of M. Whi.eway) 
that contained either pJG4-4Cd,i (J. G.. unpublished data), a plasmid 
that directs the synthes.s of native Cdil , or a vector control and also 
contained either DJG14-2 (J G . unpublished data) or a derivative that 
directs the synthesis of native human Cdc2 in yeast. These were grown 
overnight at 30°C in ?°.'c raffinose His Trp . collected, washed, and 
... , ,. . _ r ^ ,< r, , ;„,„ ir^h medium that contained either 2% 
glucose or 1% galactose plus 1 **> raffinose. CDs were taken every , hr 

Interaction Trap 

Detailed map. sequence, and methodological n,0 ^ a,l ° n a "' e 
on request and from the Massachusetts General Hospital (MGH) Mo- 
lecular Biology Internet Gopher server. Baits wore produced constitu- 
.,veiy Com a 2,. HIST plasrid under the control of the ADH1 promoter 
and contained the Le<A carboxy-terminal oUgomerizahon region, 
which contributes to operator occupancy by LexA derivatives, perhaps 
by precisely aligning LexA ammo termini on ad ( acent operator half 
s'tes (Golem.s and Brent, 1992). Note that most LexA derivatives enter 
the nucleus in concentrations sufficient to permit operator bmding 
even .hough LexA dervacves are not specifically nuclear localized 
unless they contain other signals (Goiemis and Brent, 1992. Silver et 
al 1986). Baits were made in LexA(1-202) + PL (Ruden et al 1991 . 
a close relative of pMA42. P SH2-1. and pEG202 (Hanes and BrenL 
,989; Ma and Ptashne. 1987; E G. and B. B unpub hshedda. ) a 
■ follows: human C6c? (Lee and Nurse. 1987). Cdk2 (Tsa, e. al _ 9U 
and Cdk3 (Meyerson et al . 1992) and S cerev.siae CDC28 (Lonncz 
and Reed 1984, ccd.ng sequences were amplified by polymerase 
^ain react- from plasm:ds that contained them w„h Venl poller, 
ase (New England Biolabs) and were inserted into LexAj1-20^PL 
as EcoRI-BamHI fragments, LexA-Cdx4 |Har,KS. 198. , ...eyer.o.. -•. 
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al 1989) was a g-ft of K 7 svanalhan These protems contamed two 
arr.no aods » EF » between the 'ast ammo ac- of LexA ami the ba.t 
.Pties The Drosophila Cd:2 ba "s i Lehne- and OTarrell. 1 990] were 
niftsnfR FTiley.LexA-Fus3(Elionetal . 1990} ind LexA -Clr 3 (Cross. 
V 9 88. were made analogously except they were cloned as UamHi 
fragments and thus contained <ive ammo adds , EFPGI) between LexA 
and the fused moiehes Ail these fus-ons conta ned the second codon 
to the stop codon of each can. Lex A-c-M>c~C -term (which cent a rs 
.hp r^rhnxy-terminal 176 amino adds of human c Myc). LexA -Wax 
(which contains all of the human Max coding sequence), and LexA- 
B.CO.-3 (amino acds 2-160) a gift of R Finiev have been described 
(Zervos et a!.. 1993, Golemis and Brent, 1992) 

Reporters 

The LexAop-LEUP. construction ^placed the yeast chromosomal 
LEU: gene. The other reporter, pPB1840, one of a series of Le<Aop- 
GAL 1 - ! acZ genes 'Brent and Ptashne, 1985; y amens et al , 1990; S. 
Harms, unpublished data>, was earned on a ?u plasmid. Basal reporter 
transcription wase*tremely low, presumab-y owing both to the removal 
of the entire upstream activating sequence from both reporters and to 
the fact that LexA operators introduced into yeast promoters decrease 
their transcription (Brent and Ptashne. 1984). Reporters were chosen 
, . i{ r c „ c T^ p /r//v f«n'->fir«r rrr-i^ned three comes of 

the *igh affinity I exA-b-ncing s te found upstream of E. con co/t / 
(Ebina et al.. 1983, H amens et al . 1990), an.ch presumably b.nd a 
total of six dimers of the bait. In contrast, the UcZ gene contained a 
s ,ngie lower aff n ty operator {Brent and Ptashne, 1984) that binds 
a sinoie dimer of the bait. The operators ,n the LEU2 reporter were 
closer to the transcript on start point than they were in the lacZ reporter. 
These differences in the number, a'fmity, and operator position all 
contribute to that fact that the LEU2 reporter is more sensitive than the 
lac?, gene. Construct.cn of the EGY48 selection strain will be detailed 
elsewhere {E. G., unpublished data) 

Expression Vectors and Library 

Library proteins were expressed from pJG4-5, a member of a series 
of expression plasmids designed to be used in the interaction trap 
and to facilitate analysis of isolated proteins. These plasmids carry 
the 2n replicator and the TRP1 marker. pJG4-5, whose construction 
will be described elsewhere, directs the syndesis of fusion proteins 
Hrotems expressed from this vwl.ui ^^^^ <«,.«w.. j .„a.j . . 
galactose-inducible expression so that their synthesis is conditional, 
an epitope tag to facilitate detection, a nuclear localization signal to 
ma-imize intranuclear concentration to increase selection sensitivity, 
and an activation domam derived from E. col. (Ma and Ptashne, 1 987), 
chosen because 4s activity is not subject to nown regulat-on by yeast 
prote.ns and because t is weak enougn to avoid to*cty (Gill and 
Ptashne, 1988. Be'ger et al.. 1992) that might restrict the number or 
type of interacting proteins recovered. In addition to this plasmid. we 
used two Cdi1 exp-ession piasmios (J G., unpublished data). We 
introduced EcoRI-<hcl Cdil -contammg fragments into pJG4-4 to 
make pJG4-4Cd.i : CdM was exp-essed from this plasm d as a native, 
un'used prote.n under the control of the GAL1 promoter We also 
mtroduced EcoRI->hoi fragments that cent amed CdM -nto pjG4-6 to 
make pJG4-6Cd.1 ; n this case, Cdi t was exp-essed as a fusion protein 
containing, at its am.no terminus, a methon ne and the Hemagglutinin 
-w. t v -, Th, e .-.h -o/iiTt-prime-1 activat ion -'agqed cDNA expression 
litrary, whose construction will be described elsewhere, was made 
from RNA from pronferat-ng HeLa ceHs grown in 5°'o serum on plates 
to 70% confluence using a modification of the procedure described 
by Gub'er anc Hoffman (1993) and Huse and Hansen (1988) (J G . 
unpublished data) The library contains 9 6-10* individual members. 
> 9qo/ 0 0 f which contain a cDNA insert whose average size ranges 
between 1 kb and 2 kfc. 25«<o and 3 3°* of -ts members e> press 'usion 
proteins. 

Cdk Interactor Hunt 

We oegan w.tn a E 3 Y48-pl 840 -pl.exA -Cd-;2 sfa-n wnxh c ontamed 
LexAop-LEU? and LexAop-iacZ reporters and the LexA-L dc2 bait 

. ■ i »h - -w^.^ i v-Ar,^nn tr- ^ vacation of 

VVe introouceo the library intu tho M'd» a.^.^.. a — ~ o a. . 



the procedure of Schiestl and G^tz i"98ji iR 
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data). We recovered 1 2 x 
T r p plates, scaped them 



10' t-ansfo'mants on glucose 'Jra His 
iuspended them m. approximately 20 mi 



of 6b'-'^ glvcerol. 10 mfvl T r :s-HCi tpH 7 b).. 10 mM V^'J"- 1 - ■ '^ n - a ^ r >-'- 
the cells n 1 mi ai.quo'S at 80°C We detemn ned plating eM.cency 
on galactose Ura His Trp after growing 50 al of cell suspension V 
o nr :n 5 ml of YP medium, 2% galactose For the selection, about ? 
, 10' gaiaot^e-v.ab-e cells were plated on four <•• u-,-;^ ovular 10 
cm galactose Ura H.s Trp Leu plates after galactose nduct.cn After 
4 days at 30 'C. 412 LEW colonies appeared These were collected on 
glucose Ura His Trp master plates and retested on glucose Ura 
His Trp Lej , galactose Ura His Trp Leu , glucose <-Gal Ura His 

Trp , and galactose x-oanJra n^ up ^.a.Go. w ...v.^-, ..- - 

showed galactose-dependent growth on Leu media and gaiactose- 
depender.t blue coio^ on X-Gal medium We rescued plasmid ONAs 
from these colonies (Hoffman and Winston 1987), introduced them 
into E coli y C8, and collected transformants on Trp ampic iilin plates 
We classified library plasmids by -estnetion pattern on 1 .8% agarose, 
0 5 v Tns-oorate-EDTA gels after digestion with EcoRI and > hoi and 
either AIj! or Haelll. We reintroduced those plasmids from each map 
class that contained the longest cDNAs into EGV48 derivatives that 
contained a panel of different baits. Proteins encoded by each of tne 
three cDNA classes interacted specifically with the LexA-Cdc2 ba.t 
but not with other LexA fusion prote ns (Figure 2) 

Mammalian Expression 

We grew HeLa cells on piates and transfeoted them (Ausubel et ai.. 
1987-1993) either with a DNA copy of pBNCdil (J. G. , L-npob : »sh(?.n 
data), a der.vative of a neo resistance retroviral expression sector (Mor- 
genstern and Land, 1990) that d rects synthesis of native Cdil under 
the control of the Moloney murine leukemia virus promoter or^ with 
vector alone. Cdi1 expression did not dimmish the nurnbet of G418- 
resistant cells recovered. We rescued individual (about 20) c lones from 
each transfection and grew them on plates in Duibecco's modif-.ed 
Eagle's medium plus 1 0% calf serum. We resuspended cells 'rem four 
Cdh-trans'ected and four control-transfected clones in 225 \i\ of 30 
ug/ml trypsin in 3.4 mM citrate, 0 1% Nonidet P-40. 1 5 mM spermine, 
ana 0.5 mM Tns and incubated them on a rotator for 10 mm al room 
temperature. We then added 188 nl of 0.5 mg/ml of trypsin inhibitor 
and 0.1 mg/ml RNAase A, vortexed the suspension, added 188 ^ of 
0 4 mg/ml of propidium iodide and 1 mg/ml spermine, and incubated 
the samples for 30 mm at 4»C. For each sample, we analyzed 1 0,000 
20,000 events \ r - a Becton-D ckmson fluore>cence-ac:!vat»3J ce^ 1 softer 
us.ng the GellF'T cell cycle analysis prog r am (version 2 01 2) 

CdM and Cdi1-C140S 

We made the C di 1 Cys-1 40 to Ser mutation iCdi i -Ci 40S) by polymer- 
ase chain reaction with overlapping primers and Vent polymerase, 
essent.ally as cesenbed (Hanes and Brent. 1991), changing TGC at 
position 140 to TCT. Mutagenesis was venfied by sequencing the en- 
tire mutant gene. We introduced EcoRI-Xhol f-agments contain.ng 
tne wild-type and C140S coding sequences into a modified pGEX2T 
vector and expressed and purified the GST fusion proteins essenhally 
as described (Ausubel etal., 1987-1993). We performed pNPP assays 
on these proteins in 500 nl of 50 mM Tris-HCI (pH 7.2). 2 mM EDTA. 
0 ,q, b j v /v) fumercaptoethanol 20 mM pTiPP (Sigma) containing the 
Indicated amount of p-otein at 30°C After 2 hr, we stopped the reac- 
tions by adding 50 nl of 5 M NaOH and measured ODv For pephde 
assays, we labeled Raytide (Oncogene Sc ence), at its tyrosine residue 
W!t h [ Y - ,; P]ATP and c-Src tyros. ne kinase (Oncogene Science) as de- 
scribed by the supplier For phosphatase assays, we used '.O' cpm 
of radioactive [ i: P]tyrosme -Raytide in 50 ul reactions as describee in 
F-gure 5 and ty Streuli et al (1990) 

Antibodies and Immunopreapttation 

Rabbit polyclonal antibody to GST-Cdi1 was produced by East Aces 
Rioloqicals. Incorporated (Sou'hbndge, Massachusetts) according to 
standard methods (Harlow and Lane. 1988) Specificity of the antise- 
rum was demonstrated by immunoprecipitation of m vitro translated 
Cdi1 (TNT-coupled reticulocyte lysate system, Promegai GST-Cdil 
Dlocked precipitation of this labeled product Programmed lysate (5 
u n was separated precipitated with 10 ul of CdM antiserum and 10 
ui of CdH pre^mmune serum n 500 ul of phosphate-buf'ered^sahne 
, n rh e presenoe or the absence of an excess (20 ug) of GST-Ld 1 
protem Metabolic labeling and preapahons from subconftjent HeLa 
cells were perforTied essentiaiiy as aescr.bed n Ha-ow a-- ■ a. f. 




,■ 1988> pxcept thai cell? were lysed m 250 mM NaCI. 50 mM HEPES 
KOH ipH / 5,. 5 mM EDTA. 0 1 mM Na.VO,. 50 m M NaF. 0 1 ; , Tnton 
1 mM phenylmethylsu'fonate Muonde. 25 ug/mi leupeptm. 25 ug/:nl 
nppstatm for 30 mm at 4"C. In control precipitins. GST-Ccii! 
Slocked precipitation of Cd-i and associated proteins Pellets were 
run on 1 1 % SDS protem gels tr at w«re analyzed either on a Molecular 
Dynamics image analyze- cr by fluorography For V8 mapping, bands 
were excised and partially digested m me gei with S'aphy s ococcjs 
aureus VS protease as m Hjirtow and Lane (1988) Products together 
with mose'resulting from digestion cf in vitro translated Cdk2 and 
Cdc2. were separated on 17.5<* SDS-polyacrylanmde gels dned.and 
visualized on the image analyzer. 
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Summary 



We used the interaction trap to isolate a novel human 
protein that specifically interacts with Max. This pro- 
tein, Mxi1 (for Max interactor 1), contains a bHLH-Zip 
motif that is similar to that found in Myc family pro- 
teins. Mxil interacts specifically with Max to form het- 
erodimers that efficiently bind to the Myc-Max consen- 
sus recognition site. When bound to DNA by a LexA 
moiety in yeast, Mxi1 does not stimulate transcription. 
mxil mRNA is expressed in many tissues, and its ex- 
pression is elevated in U-937 myeloid leukemia cells 
that have been stimulated to differentiate. These facts 
are consistent with a model in which Mxil -Max hetero- 
dimers indirectly inhibit Myc function in two ways: 
first, by sequestering Max, thus preventing the forma- 
tion of Myc-Max heterodimers, and second, by com- 
peting with Myc-Max heterodimers for binding to tar- 
get sites. 

Introduction 

Members of the Myc protein family are involved in the 
formation of many cancers; in model systems their height- 
ened expression can induce oncogenic transformation (for 
reviews see Cole, 1986; Luscher and Eisenman, 1990), 
induce apoptosis (Evan et al., 1992; Shi et al., 1992), and 
block differentiation (Freytag, 1988; Miner and Wold, 
1 991 ). Of the Myc proteins, the best-studied are probably 
the c-myc and v-myc products (c-Myc and v-Myc). These 
proteins are localized to the nucleus (Abrams et al.. 1 982; 
Heaney et al., 1986; Stone et al., 1987) and can activate 
transcription when brought to DNA by heterologous DNA- 
bindmg domains (Lech et al.. 1988; Kato et al.. 1990; Go- 
iemis and Brent, 1992). These proteins contain an activa- 
tion domain in their amino terminus, the integrity of which 
is correlated with their ability to cause oncogenic transfor- 
mation (Kato et al. . 1 990; Barrett et al. . 1 992; E. A. Golemis 
et al , submitted). As do all Myc proteins. c-Myc and v-Myc 
contain a conserved structure, the basic region heiix-ioop- 
heiix leucine zipper (bHLH-Zip) (reviewed in Vinson and 
Garcia. 1992), which directs oligomerization with other 
proteins and DNA recognition (Dang et al. , 1 989; Blackwell 
et al., 1990; Halazonetis and Kandil, 1992). These facts 
suggest that the biological function of c-Myc and v-Myc 
might depend on their ability to bind specific sequences 
and activate transcription. 



Recently, two proteins have been isolated that form het- 
erodimers'with Myc proteins: Max, a human protein, and 
Myn, its murine homolog (Blackwood and Eisenman, 

1991 ; Prendergasi et al.. i9d i). ivi,i< pr^e... — ^ 

are expressed :n al! tissues in which c-Myc is expressed, 
and in some, including the adult brain, in which c-Myc is 
not. Two different forms of Max are encoded from differ- 
ently spliced transcripts, a 151 ammo acid protein (here 
called Max,,*, or simply Max) and a larger form (here 
called Max< lfi0 ) that contains an additional 9 amino acids 
at the amino terminus of the basic region. Max is localized 
to the cell nucleus, possibly owing to a nuclear localization 
sequence at its carboxyl terminus (Kato et al., 1 992). Max 
has a longer half-life than c-Myc (>24 hr versus 30 mm) 
(Blackwood et al., 1992a, 1992b; Hann and Eisenman, 
^984; Luscher and Eisenman, 1988). Like the Myc pro- 
teins,' Max contains a bHLH-Zip motif. In Ma., this mot;f 
allows Max to dimerize with itself ana to form heteiodi. i -er s 
with other members of the Myc family (Blackwood and 
Eisenman. 1991 ; Blackwood eta!., 1992a, 1992b; Kato et 
al., 1992), but it does not direct interaction w.th other 
known bHLH-Zip proteins (Blackwood and Eisenman, 
1991). 

Max-Max homodimers and c-Myc-Max heterodimers 
b.nd tightly to a consensus CACGTG sequence (Black- 
wood and Eisenman, 1991 ; Prendergast et al., 1991), This 
fact strengthened the hypothesis that transcription regula- 
tion is important to Myc function; this idea has recently 
received additional support from the finding that in mam- 
malian cells and in yeast, DNA-bound c-Myc-Max hetero- 
aimers activate transcription, while Ma>.-Max homodi- 
mers do not (Kretzner et al., 1992; A. S Z. and R B., 
submitted). Because most c-Myc m vivo is thought to be 
associated with Max, and because c-Myc-Max heterodi- 
mers bind CACGTG sites more tightly than c-Myc-c-Myc 
homodimers, it appears likely that one function of Max is 
to facilitate the b.ndmg of c-Myc to these sites. It is also 
possible that association with Max modulates the regula- 
tory activity of the c-Myc gene; consistent with this idea, 
we have recently shown that Max is transcriptionally inert 
but that its association with c-Myc greatly potentiates the 
strength of the Myc activation function (A. S. Z. and R. B.. 
submitted). Myc-dependent transcription is also likely to 
ne modulated bv other cellular proteins, including onco- 
proteins, that change the availability of c-Myc or Max by 
affecting their expression or that alter c-Myc and Max Dt JA 
Dindmg (Berbench and Cole, 1992), oligomerization, or 
transcription regulatory functions by altering their phos- 
phorylation states (reviewed in Luscher and Eisenmann. 
1990; Blackwood et al., 1992a. 1992b). 

A great deal of circumstantial evidence suggests that 
control of Myc function may be important during differenti- 
ation. As mentioned, heightened e<pression of Myc in mu- 
rine erythroleukemia cells and myocytes can block differ- 
entiation (Freytag, 1986; Miner and Wold. 1991}, and ,: , s 
clear that differentiation in model systems is often accc-m- 




Figure 1 . Activation by Interaction of Mxil with Different Protein Baits 
Individual colon.es of EGY48 yeast cells thai contained lagged Mxil 
(the invariant activation tagged moiety of pJG4-5 [J. Gyuns, E. A 
Golemis, and R B , submitted, fused to Mxi1 residues 10-220]) and 
that also contained LexA-Max (a) : LexA-c-Myc-C ternn (b), LexA-Cdc2 
(cj, LexA-hUS3 id), and LexA-bicoid (e) were streaked with toothpicks 
onto a glucose-Ura His Trp master plate, and then replica plated 
onto a galactose -Ura His Trp Leu plate. Interaction results in activa- 
tion of the LexAop~LEU2 reporter and in growth in the absence of 
leucine. M<i1 causes strong growth in the presence of the Max oait, 
weak growth in the presence of the c-Myc-Cterm bait, and no growth 
with Cdc2, FUS3, and btcotd baits. 



panied by reductions in the amount of c-myc mRNA. For 
example, U-937 myeloid leukemia cells can be induced to 
differentiate into monocytes by treatment with TPA, as 
measured by withdrawal from the cell cycle and appear- 
ance of a number of monocytic markers, including expres- 
sion of the c-fms proto-oncogene message (Hass et al., 
1991). Differentiation is accompanied by a loss of detect- 
able c-myc mRNA. In this system continued maintenance 
in culture results in eventual loss of the monocytic markers 
and resumption of proliferation; this "retrod if ferenti at ion" is 
accompanied by a resumption of c-myc mRNA expression 
(Gunji et al., 1992). 

In this work, we searched for proteins that interacted 
with Max. We undertook this study for two reasons. First, 
although the isolation of Max has provided insight into 
c-Myc funct'on, it appeared possible that a complete un- 
derstanding of the relevance of Max to the function of Myc 
would require isolation of the complete set of proteins that 
might affect its activity or availability. Second, in the ner- 
vous system, and in many cell lines, the apparent concen- 
tration of Max is much greater than that of any known Myc 
protein (E. Blackwood, personal communication), which 
suggested that Max in these cases might be available to 
form oligomers with other proteins that might affect its 
activity or amount 

We describe the use of a recently developed yeast ge- 
netic selection, the interaction trap (J. Gyuns, E. A. Go- 
lemis, and R. B., submitted), to isolate and characterize 




MxM . a human protein that forms tight heterodimenc com- 
plexes with Max M < 1 1 contains a bHLH-Zip sequence mat 
allows it to interact specifically with Max and bind to Myc - 
Max consensus sit*-s, but in yeast assays the protein dees 
not stimulate transcription. Its sequence indicates tnat 
M»i1 clearly belongs to the same family as Mad, another 
protein that interacts with Max and is described in an ac- 
companying paper (Ayer et al , 1 993). Expression of ma 1 
mRNA is greatly elevated in U-937 cells that are induced 
to differentiate These facts are consistent with a simple 
model in which M> i 1 and Mad indirectly regulate c-Myc 
function by sequestering Max. 



Results 

Isolation of Mxi1 

We selected cDNAs that encoded Mxi1 from a HeLa cell 
library by the interaction trap (J Gyu:i3, F A Golemis, ar-d 
R. B , submitted). In this technique, which was developed 
from a suggestion made by Fields and Song (1989), a 
library that conditionally expresses cDNA-encoded pro- 
teins fused to an epitope tag, a nuclear localization se- 
quence, and an acidic transcription activation domain is 
introduced into a special yeast strain. This strain, EGY48, 
contains a plasmid that directs the synthesis of a transcrip- 
tionally inert LexA derivative (the "bait," in this case LexA- 
Max) and two different reporter genes, the transcription of 
which is stimulated if the library encoded protein com- 
plexes with the bait One reporter, an extremely sensitive 
Le\Aop-LEU2 gene, allows growth m the absense of leu- 
cine; the other, one of a series of LexAop-lacZ genes of 
different sensitivities to activators, directs the synthesis 
of |'.-galactosidase (J. Gyuns, E. A Golemis, and R. B.. 
submitted). 

As described in Experimental Procedures, we per- 
formed the selection with EGY48 that contained Le<A- 
Max and that also contained pJKl03, a medium-sensitive 
LexAop-lacZ reporter (Kamens et al., 1990). We plated 
a pool of cells that contained 7.5 < 10 :> primary library 
transformants at a multiplicity of 5 onto galactose-Leu 
selection plates, and picked the first 100 Leu* colonies 
that appeared Of these, 80 that showed unambiguous 
galactose-dependent blue color on X-gal medium were 
analyzed further (see Experimental Procedures). As e<- 
pected, restriction mapping and partial sequence analysis 
showed that many of these (62) encoded human c-Myc. 
From the remainder, we selected for further characteriza- 
tion the restriction map class (2 members) whose products 
gave the strongest activation with the LexA-Max bait. We 
called the gene encoded by these ma'1 (for Max interactor 
1) and its protein product MxM. We tested the specificity 
of the MxM -Max interaction by testing the ability of MxM 
to interact with a panel of different baits. Visual inspection 
of- activation of a LexAop~LEU2 reporter on galactose- 
Leu plates showed that MxM interacted strongly with 
LexA-Max, detectably with LexA-c-Myc-Cterm. a bait 
that contained the c-Myc bHLH-Zip, but not with Lex A- 
Cdc2. LexA-FUS3, and LexA-bicoid (Figure 1). 
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Primary Sequence 

We sequenced the partial row? open reading frame on the 
library plasmid. As expected, it was fused in-frame to the 
invariant ammo-terminal moiety of the vector-encoded pro- 
tein We used this cDNA to isolate a 2.4 kb cDNA from a 

,- cr - -i... a-.-iohip w e ' a rDNA librarv. The sequence 
commercially a»andi/ic . .e-a — — 

of this cDNA revealed a 220 amino acid open reading 
frame with 31 5 5' flanking nucleotides and 1 440 3' nucleo- 
tides (Figure 2). 

The mx/J open reading frame contained a bHLH-zjp 
region between amino acids 32-112 that was very similar 
,n sequence to the bHLH-Zip found in Myc family proteins 
and in Max (Figure 3a). Of 1 3 amino acids in the M> , 1 basic 
region 8 are identical to those in human c-Myc, including 
,he arginine at position 44. which contacts the CG core of 
the c-Myc-Max consensus binding site (Halazonetis and 
Kandii, 1992; Dang et al., 1992). There is also substantia 
sequence similarity outs.de of the basic region: the Mx,1 
HLH is a near match to the HLH consensus and, as in Myc 
family proteins (Beckmann and Kadesch, 1 991 ), HLH helix 
II is fused to the leucine zipper so that the periodic hy- 
drophobic heptad repeat in the zipper continues into the 
C-terminus of helix II (Figure 3a). We projected the Mxi1 
and Max leucine zippers onto a helical wheel (Figure 3b, 
As Myc proteins, Mxi1 contains an acidic residue (Glu-87) 



at the a position that might interact favorably with the h.sti- 
dine found at the d' position of Max. Furthermore, as do 
Myc proteins. Mxi1 contains charged residues at the g 
position that might favorably interact with charged resi- 
dues in the e' position of Max. 

Outside of the bHLH-Zip, Mxi1 shows no similarity to 
previously identified proteins. The sequence does not re- 
veal a classical nuclear localization signal, although Arg- 
13 Arg-14 Lys-80. and Lys-81 might conceivably consti- 
tute a bipartite localization signal (Dingwall and Laskey, 
1991). Mxi1 contains an acidic stretch at residues 131 to 
169 (15 residues are glutamic or aspartic acid, predicted 
net charge of -14). However, projection of this stretch of 
acidic ammo acids onto a helical wheel showed that the 
putative « helix formed by this stretch did not show the 
amphipathicty sometimes associated with putative a heli- 
ces formed by functional activation domains (Ruden et al.. 

1991) The Mxi1 3' noncoding region contained a stretch 
with substantial similarity to an expressed sequence tag 
found on a cDNA isolated from human brain (Adams et al., 

1992) (see the Figure 2 legend). 

Mxi1 does show pronounced similarity to another Max- 
interacting protein, Mad. which is described by Eisenman 
and his coworkers in an accompanying paper (Aver et al.. 

1 993) We view the similarity as consisting of two regions. 
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l.„ ]>u? Mx 1 PHI H / : P V^WM S ,1 - n-i 
son nt iho hHl H / P r ^ q i r , r i *rorn Mx 1 'os.^i- 
'i2 !o ' e s i d ue 1 ^ to I)H1 H Z.p 't.-rj ons ,n <,!hrr 
proteins The M x 1 1 HHLH Zip .s stiown .n odd 
R*.< common *o at least 'our members of 

the set ( M x 1 1 . Wad. c-Myc, Max, av in v-Myr. 
i-^, r%! ,- n-M v c and I -M'.n and AP 4: are shown 
by stipphng Residues shared ~y other mom- 
ben of the set with IV.xi 1 are shown m bold 
TheC-termir al arginim- within tr e b:»sic region, 
whKh m c-Myc speci' es interact-on w-th the 
CG core o' the CAGGTG r-cc-gmtic :m se- 
g jence. is showr wth in asterisk (Ha azonetis 
anc Kandii, 1 99T, Oaug et al. 1^92} H. gn.lv 
■"i';r rvcd residues th.it ?re likely *o be ■-r-tical 
'or the framewo-k of 'he structural mom a-e 
shown above the Mxi* line in bold *t' demotes 
n/crophobc: amino adds. Sequences of the 
Wye family oHLH -Zip we r etar<en from Be^ezra 
e" a . (199G| Ma< f r on. B'ackwood and F.se~- 
fT.asn (1991 i, AF from Hu et fil i : 990- and 
Mai 'rom Ayer et a! -1993) 
(t ) Leucine zippers of Mxi1 ano Ma < . The leu- 
cne zippers from M <i 1 ana Ma< are eacn 
snoA'h proiectec 



;-nto a he! cal .vriee' as m 
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bKLH-zip a), which is invariant m ali Wy: proteins, and 

- : Av ;.;.;. ;: Sl-I S " :.' S\. : . '. ':' '_, _ , '. K :•:-..!■! .: .v- " r . 1 . fit hlStldinO OppOSlte it in V a > <» \C r K' Zipper 

_ v .. . '. r . ........... ; - -'-, ? y AV; j ; \'-\- rY w.---,- posit-on d' 

' ' (o) Comparison of M>-1 and Mad Sequences 

were aligned by the Genetics C omp ater Group 

... ;: _ GAP program •: Dover eu< er al , '984) Solid 

- i nes between amino icids mc-caie identity at 

■ : "- r; ' '■ - - s. : tne c o r re spon d i rig p o ^ a 1 1 c > n , ! wi ;■ d" - ts i nil oate a 
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....... ies:S similarity. The c.'e r all s.r'iila'i"/ between 

M>-* and Mad is 79°-- with 59 :i o a^ntity Two 
regions of highest similarity are identified' the 

bHLH-Zip at Mxi1 residues 33-1 12 and similarity region 2 at MxM residues 1 16-187. Similarity reg-on 2 contains a stre'eh of ammo acics ;Mx 1 
residues 127-150) similar to a stretch of ammo ac ds of un-nDwn function found m Myc ^mily pro-erne, (residues 246 t=. 268 in nunan c-Myc). 



the bHLH-Zip (Figures 3a and 3c) and a second region 
C-termmal to this motif, which we call similarity region 2, 
that in Mxi1 is separated from the bHLH-Zip by a 4 amino 
acid connector (Figure 3c). The Mxi1 bHLH-Zip region is 
more similar to that of Mad than it is to any other bHLH-Zip; 
the basic region and helix 1 are almost identical, consistent 
with the fact that Mad also recognizes Myc-Max sites, and 
the helix 2 and leucine zipper are also very similar to that 
of Mad: Mad even possesses an acidic residue (Asp-1 12) 
in the a position of the leucine zipper helix homologous to 
the Glu-87 in MxM. In both proteins, similarity region 2 
(Mxi1 residues 115 to 189) is rich in serines and acidic 
residues and contains (residues 127 to 150) a stretch of 
ammo acids similar to a region of unknown function in 
Myc family proteins (see the Figure 3c legend). Mad also 
contains an amino-termina! extension (Figure 3c) that is 
not found in Mxi 1 . 

Association with Other Proteins 

We further explored the specificity of tne MxM-Max inter- 
action by repeating our initial interaction assays with acti- 



vation tagged M <M . a series of more closely related bai's, 
and two reporters, the LexAop -LEU2 reporter in EGY-18 
and the LexAop-iacZ reporter pJKl03. These reporters 
exhibit differential sensitivity to activators; the Le*Aop- 
LEU2 reporter is e<quisitely sensitive, while the Le*Aop- 



/ac* 



reporter is less so; expression of their phenoty 



DOS 



provides a measure of the strenath of the interaction. Re- 
sults are given in Taoie 1 . With the less sensitive reporter, 
we only detected significant interaction between Mxi1 and 
a i_ e< A-Max bait; any other interactions were below the 
level we consider significant (Golemss and Brent. 1992). 
With the more sensitive reporter, we detected a strong 
interaction between Mxii and Max and a wear interaction 
between Mxii and derivatives of c-Myc and n-Myc that 
contained bHLH-Zip. Mxii exhibited basal activation ac- 
tivity below the level we consider significant ('see below) 
and did not show significant interactions with itself. We 
then confirmed the specificity of the Mxi1-Ma* interaction 
by immunoprecipitation experiments with in vitro trans- 
lated MxM, Max. c-Myc, and n-Myc (A. S. Z., M. Biliard, 
and R. Bernard, unpublished data). Asjuaged by immuno- 
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observation o< the Leu* phenotype jn glucose Leu plates, and by 
measurement of [}-ga!actos dase levels m liquid cultures grown on 
glucose. Interaction with M<;1 was monitored by comparison of these 
phenotypes wth those when cells were grown on the equivalent galac- 
tose medium, under whicn conditions MxM was expressed. [5-Galac- 
tosidase levels we^e performed m -lupiicate on three independent 
isoiatps: tr-e avRraqe value s qiven here 



precipitation with anti-Max antiserum, Mxh was associ- 
ated with Max, but, at the lower protein concentrations in 
these e>periments, Mxi1 did not associate with c-Myc or 
n-Myc (not shown; see Discussion). 




Figure 4. Sequence-Specific DNA Binding by Mxil and Max 
Binding assays used oactenally produced GST--Mxi1 , full-length Max. 
and c-Myc bHLH-Zip (ammo acids 342-439). The labeled oligonucleo- 
tide contained a consensus Myc-bmdmg site. Binding reactions (20 u.l) 
contaminc the indicated pro*.eins and other reagents were performed, 
--un on a S% polyacrylamide gel, and subjected to autoradiography 
as described (Experimental Procedures), a, b, and c denote spec, tic 
oligonucleotide-contaming complexes. Lane 1 , 300 ng of c-Myc bHLH- 
Zip; lane L\ 10 ng of Max; lane 3, 10 ng of GST-Mxi1; lane 4. 10 ng 
of Max, 300 ng of c-Mvc bHLH-Zip, lane 5, 300 ng of Max 300 ng of 
c-Myc r HLH-Zip; lane 6, 10 ng of Max, 10 ng of GST-Mxi1; lane /. 
10 ng of Max,20ngofGST-MxM; lane 8, 10 ng of Max, 50 ng of GST- 
MxM lane 9, 10ngof Max, 50 ng of GST-Mxh , pretreated with 10 ul 
of 50% v/v giutathione-Sepharose beads, supernatant loaded on gel; 
lane 10 1 0 ng of Ma> , 50 ng of GST-Mxn , 1 ul of anti-Max antiserum, 
lane 11 l0ngofMa>: 50 ng of GST-Mx 1 , 1 pi of control antiserum 



Site Recognition 

The sequence of the Mxii bHLH-Zip suggested that com- 
plexes between MxM and Ma< might bind the consensus 
Myc-Max recognition site. We tested this idea by assaying 
the ability of combinations of glutathione S-transfer- 
ase (GST)-MxM.^. purified Max, ^, and purified c-Myc 
bHLH-Zip 3 4 2 «9 to retard the electrophoretic mobility of an 
oligonucleotide that contained the CACGTG Myc-Max 
consensus site (Halazonetis and Kandil, 1991). These re- 
sults are shown in Figure 4. As expected, purified c-Myc 
bHLH-Zio caused the formation of a very small amount of 
retarded complex (Figure 4, lane 1, complex c), purified 
Max caused the appearance of a larger amount of retarded 
complex of different mobility (lane 2, complex b), puri- 
fied GST-Mxi1 did not give detectable amounts of re- 
tarded complex (lane 3), which we attribute to its inability 
to interart with itself (Table 1), and GST-Mxh and c-Myc 
bH LH-Zip did not form appreciable amounts of a new com- 
plex (lane 5). However, addition of GST-MxM to Max re- 
sulted in the appearance of a complex of altered mobility 
(complex a, lane 6); the amount of this complex was in- 
creased with increasing amounts of GST~Mxi1 (lanes 7 
and 8). This complex contained both Mxi1 and Max: treat- 
ment of the binding mixes with giutathione-Sepharose re- 
moved this complex quantitatively from the binding mix 
(lane 9), and treatment of the binding reactions with anti- 
May antiserum resulted in the disappearance of most of 
the MX." - Max-DNA complex and its apparent supershift 
to a much less mobile DNA complex (lane 10), These re- 
sults demonstrate that MxM and Max complexes bind 
Myc-Max recognition sites. 



Transcription Activation 

We assayed the ability of Mxh to stimulate transcription 
when e> pressed in yeast as a Le:<A derivative and bound 
to LexA operators in the pi 840 LexAop-lacZ reporter. Ta- 
ble 2 shows that, unlike c-Myc but like Max: (Lech et aL 
1 988; Golemis and Brent, 1992; A S. Z. and R. B.. submit- 
ted), in this assay Mxi1 is transcriptionally inert. When 
transcription is assayed on the more sensitive LexAop- 
lacZ reporter pJK103 (not shown), Mxi1 displays basal 
transcription we!! below the level that can be considered 
significant (Golemis and Brent, 1 992). While some activa- 
tion domains that function in higher cells, such as the gluta- 
mine-nch regions of SP1 . the Drosophila zesle product, 
and the proltne-nch domains in CTF, do not function in 
yeast (Pugh and Tjian, 1990, C. Besmond and R. B., un- 
published data), our experience has been that acidic acti- 
vation domains usually do, and tnis yeast result thus sug- 
gests that the acidic portion of MxM is not a functional 
activation domain. 

mRNA Expression 

To determine in which tissues mxil mRNA was expressed, 
we probed a Northern blot containing 2 ng of poly(A) RNA 
from different human tissues with mxil . This experiment 
revealed that mxil mRNA was expressed in every tissue 
tested, with the highest levels in heart, brain, and lung 
(Figure 5). Because MxM was isolated as a Max partner, 
we monitored the expression of max mRNA as well: it 
closely mirrored that of mxil (Figure 5). Northern analysis 
of mxil and max mRNAs from serum-starved and serum- 



Table 2 Actuation : n Yeast by Mx ; V Max. and c-Myc 
Protein pi 840 



1? 



LexA- c-Myc 
Lex A - Max 
LexA-Mxi1 ' 2 

Plasmids directing the synthesis of LexA derivatives of the intact pro- 
teins were introduced into EGY40/pi840. and [i-galactosidase assays 
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scribed in the text 



stimulated WI38 human lung fibroblasts showed that both 
messages were expressed at high levels, but were not 
induced by serum stimulation (not shown). Similar analysis 
of mRNA levels in populations of HeLa cells that were 
synchronized by a double thymidine block (Rao and John- 
son, 1970) showed that mxil and max were expressed at 
easily detectable levels, but that their amounts did not vary 
with the stage of the cell cycle (not shown). 

We then examined the expression of mxil, max, ana 
c-myc in mRNA extracted from differentiating cells of my- 
eloid lineages. For these experiments, we used RNA (a 
generous gift of Ralph Mass and Donald Kufe) derived from 
two different premonocytic cell lines, U-937 and HL-60. 
These lines are believed to correspond to different stages 
of monocytic development; U-937 is thought to be derived 
from a more determined cell type than HL-60. These lines 
can be induced to differentiate by a number of agents 
(reviewed in Harris and Ralph, 1985); when so treated, 
U-937 cells differentiate along the monocytic pathway, 
while HL-60 cells differentiate into monocytes or granulo- 
cytes depending on the inducing agent We measured the 
expression of these messages in myeloid cells for two 
reasons. First, because constitutive expression of c-Myc 
can block their differentiation (Freytag, 1988; Kume et al., 
1988); second, because down-regulation of c-myc mRNA 
levels occurs upon differentiation (Watanabe et al., 1985; 
Gujii et al., 1992), we searched for changes in the levels 
of myc-related messages that might also occur during the 
differentiation of these cells. 

As shown in Figure 6, TPA, the strongest inducer of 
U-937 differentiation, induces mxil mRNA by a factor of 
about 20 (lanes 1-5). To verify that this induction was a 
consequence of differentiation, rather than a simple tran- 
scriptional response to TPA itself, we examined the mxil 
message in RNA extracted from cells that were induced 
to differentiate with a number of other agents, including 
dimethylsulfoxide, retinoic acid, vitamin D3, tumor necro- 
sis factor u, and okadeic acid. Treatment with these agents 
also induced mxil mRNA expression (not shown); the 
amount of mxil mRNA in cells treated with these agents 
paralleled their potency as inducers of differentiation (as 
determined by changes in morphology, and induction of 
the c-fms message) (not shown). In U-937 ceils, max 
mRNA was low and its expression was not affected by 
treatment with TPA (Figure 6). c-myc mRNA, as expected 
(Gunji et al., 1992), was induced briefly, and then returned 
to a very low level (Figure 6). By contrast, in HL-60 ceils, 
the basal level of mxil and max mRNA was much higher 



(lane 6) This level was not elevated in RNA from cells that 
were induced to differentiate with retinoic acid, although, 
as expected, the amount of c-myc mRNA was greatly re- 
duced (lanes 7 and 8) (Watanabe et al.. 1985). 

Discussion 

We used the interaction trap (J. Gyuris, E. A. Golemis, and 
R. B., unpublished data), an implementation ot a sugges- 
tion made by Fields and Song (1989), to isolate Mxil. a 
protein that interacts specifically with Max. The mxil cDNA 
spans 2417 bp. Within it, there is an open reading frame 
that encodes a 220 amino acid protein, followed by a very 
large 3' untranslated region The Mxil protein predicted 
from this open reading frame contains an acidic stretch at 
the carboxyl terminus but lacks a conspicuous nuclear 
localization signal. Mxil contains a bHLH-Zip motif at its 
amino terminus. The sequence of the Mxil bHLH-Zip is 
extremely similar to that of Myc family proteins; the basic 
region is identical in a residue these proteins use to contact 
□ NA. Hehca! wheel projections suggest that the Max-Mxil 
interaction may depend on a favorable ionic interaction 
between the leucine zippers of the two proteins. Mxil is 
quite similar in sequence to another Max interactor, Mad, 
described in an accompanying paper (Ayer et al., 1993). 
Mad shows two regions of similarity to Mxil, the bHLH- 
Zip, and a second stretch, similarity region 2, which we 
imagine has a conserved structure but whose function is 
now unknown (Figure 3c); Mad also contains a pro- 
nounced dissimilarity, a 33 residue extension at its amino 
terminus that has no equivalent in Mxil (Figure 3c). 

We tested the function of Mxil in three ways. First, we 
used the interaction trap to test further the specificity of 
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Figure 5. mxil and max mRNA in Different Tissues 
Figure shows a Northern blot of mRNA from different human tissues 
that was probed with mxil. then stripped and 'eprobed with max as 
described (Experimental Procedures) Each lane contains 2 ug of 
poly(Ar mRNA from the indicated tissues mxil mRNA runs with an 
apparent mobility of 3.2 Kb. and ma* runs with ac> apparent mobility of 
2 Kb 
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Figure 6. mxil, max, and myc mRNA during Differentiation 
RNA was isolated from U-937 and HL-60 cells at different times after 
they were were induced to differentiate with TPA (U-937) or retinoic 
acid (HL-60). RNA (20 ng) from cells from each time point was run on 
a gel and blotted onto a nylon membrane, which was probed succes- 
sively with mxil, max, c-myc, and human GAPD as described (Experi- 
mental Procedures). Lane 1 , U-937, untreated; lane 2, U-937, 1 hr after 
TPA induction, lane 3, U-937, 3 hr after TPA mducticn; lane 4, U-937, 
6 hr after TPA induction: lane 5, U-937, 12 hr after TPA induction, lane 
6, HL-60, un nduced; lane 7, HL-60, 24 hr after retinoic acid induction; 
lane 8, HL-60, 72 hr after retinoic acid induction 

the interaction between Mxi1 and Max. We found that Mxi1 
interacted strongly with Max, weakly with c-Myc, and not at 
all with other related bHLH-Zip, bHLH, and bZIP proteins, 
including Mxil itself. We confirmed this result by immu no- 
precipitation experiments showing that in vitro translated 
Mxh interacted specifically with Max. Second, we per- 
formed gel retardation experiments that suggest that 
Max-Mxh heterooligomers recognize consensus Myc- 
Max-binding sites. Third, we performed yeast transcription 
experiments In yeast, Mxil has almost no activation func- 
tion. Since acidic activation regions that function in higher 
cells typically function in yeast (R. B.. unpublished data; 
G. Gill and R. Tjian, personal communication), these ex- 
periments suggest that the acidic residues in similarity 
region 2 do not contribute to a mammalian activation 
domain. 

Finally, in an effort to understand Mxil function in vivo, 
we examined the expression of its mRNA. mxil mRNA is 
expressed in all tissues tested, including ones, such as 
the adult brain, in which c-myc is not expressed. The cells 
in these tissues are terminally differentiated. To explore 
whether Mxil expression might change during differentia- 
tion, we monitored the expression of mxil mRNA in my- 




eloid cell lines whose c-myc mRNA levels were known to 
depend on their differentiation state We found that, in 
U-937 cells that were provoked to undergo differentiation, 
the e<pressicn of mxil mRNA was strongly elevated at all 
times after induction, while expression of max and c-myc 
mRNA was elevated only slightly and at intermediate 
times. In HL-60 ceils, which are derived from less deter- 
mined cells, basal expression of mxil, ma>, and myc 
mRNAs was high; when granulocytic differentation was 
provoked by induction with retinoic acid, expression of 
mxil and max mRNA was not greatly altered, while, as 
expected, expression of c-myc mRNA was strongly re- 
duced. 

As assayed by interaction trap and gel retardation 
assays, Mxil interacts strongly with Max. The sequence 
of Mxi 1 suggests one possible explanation for this specific- 
ity: a favorable ionic interaction between the Mxil and Max 
leucine zippers. Ascribing an important function to this 
interaction seems reasonable given the contribution that 
favorable leucine zipper interactions can make to dimer- 
ization of another bHLH-Zip protein, c-Myc itself (Halazo- 
netis and Kandil, 1 991). Interaction trap experiments show 
that Mxh does not associate with itself, but do reveal a 
weak association between Mxh and c-Myc and between 
Mxil and n-Myc. These associations are only convincingly 
revealed by the very sensitive LexAop-LEU2 reporter in 
EGY48; they are marginally detected by the LexAop-lacZ 
reporter carried on pJK103 and are not detected by less 
sensitive LexAop-lacZ reporters or immunoprecipitation 
experiments (not shown). We believe the weak interac- 
tions are only revealed because of the relatively high intra- 
nuclear concentrations of Mxh in these experiments 
(10 M in the yeast nucleus versus <10 fl M in typical 
immunoprecipitation experiments with in vitro translated 
proteins). The yeast experiments illustrate two points: that 
interaction trap assays provide a simple way to examine 
lower affinity protein-protein interactions than those de- 
tected by typicai experiments with in vitro translated pro- 
teins and that the use of different reporters of different 
sensitivities in these assays can provide a measure of 
tha strength of the interactions detected We believe that 
further refinements of the interaction trap will allow its use 
to determine relative interaction affinities quantitatively; 
for the moment, we can neither determine the relative af- 
finities of Mxi 1 and c-Myc for Max, nor, because the intra- 
nuclear concentrations of Mxh and Myc proteins in mam- 
malian ^ojjq nro not known can we determine whether the 
weak Mxi-Myc associations are likely to be of biological 
significance. 

This work and the accompanying paper (Ayer et al., 
1 993) show that Max and Myc family proteins are members 
of a larger group of interacting proteins, within which Mxh 
and Mad constitute a distinct subfamily of Max interactors 
that may also include other members that have not yet 
been identified. Since Mxh and Mad may be expressed 
in different cell types and may also differ in biochemical 
function, it is possible that understanding Myc family pro- 
tein function in mammalian organisms may require identifi- 
cation and thorough study of all the proteins that comprise 
this interacting group. However, we have identified fcur 




facts about Mxi 1 that we believe are Nkeiy to be significant 
for such future understanding: its interaction with Max. its 
abil ty when completed with Max to bind MyoMax recog- 
nition sites, its lack, of activation function in yeast, and 
its mcuction in differentiating monocytic cell lines. These 
facts suggest that M > 1 1 may negatively regulate Myc func- 
tion in two ways first by sequestering the Max that Myc 
needs to bind its DNA site and. second, by forming inert 
complexes with Ma> that compete with transcriptionally 
active Myc-Max .neterodimers for binding sites. According 
to this view, Mxi1 would antagonize Myc-dependent onco- 
genesis, and, when itssynthesis was induced duringdiffer- 
entiation, it would accelerate the loss of c-Myc activity 
caused by down -regulation of the myc mRNA. 

Experimental Procedures 

Standard manipulate ns ot Escherchia coli, nucleic acids, and yeast 
were performed essentially as described (Ausubel et al , 1992; Guthrie 
and Fnh, 1992). E. coli K-12 strain KC8 pyrF::Tn5, hsdR leuBBOO. 
■roCviJO. !acD74. gai* ht%B436 was used for the rescue or yeast 
cias-Tudsasdescrioedfj Gvuns. E A Golemis. and R B submitted; 

Selection Strain 

EGY48 MATa trpl ura3 tns3 L E Ul': .pLexA op6~i FU2 was used as a 
host ,cr a!! interact ;or- expeoments; it will be desciued in detail eist- 
where (J Gyuns, E. A Go'ernis. and R. B., submitted). In the se ; ection, 
■t contained the reporter pJKl03 (Kamens er al., 1990), which directs 
expression of a GAU-lacZ gene from two high affinity ColEl Le<A 
operators (Ebina el al., 1983). Th s reporter presumably binds four 
le-;A dimers; it is at east 5 times as sensitive to activation by Le<A- 
cuntammg proteins as is p1840 (Brent and Ptashne, 1984; J Gyuns 
ei al., unpublished catai, although it is still not as responsive as 'he 
L**Aop-LEU2 -eporter in EGY48. 

Baits 

Al p asmids used to e <press the different baits were based cn pL20^ P 
iRuden et a!., 1991), /vhich carries the HIS3' marker and a I'um repli- 
caton Al! baits cortamed at their the amino terminus the LhxA DNA- 
b nd ng coma n and tr e C-terminal dimerizat on domain. wh-oh directs 
e"cient operator oc:upanov by the bait (Golemis and Brent, 1992) 
Le>A-Max contains *ne entire 151 residue form of *he human Max 
prote-n (Blackwood snd E'*enman. 1991), and LexA-c-Mvc-Cte-m 
(A. S. Z andR B., submitted conta ns the car boxy-terminal 176am-no 
a-, ids of human c-Myc, but lacks the actual on domains (Kate- et al 
1 h90 E. A. Golemis et ai. submitted). Both were cloned is EcoRl- 
BamHI fragments into PL202P! after polymerase chain react-or amoli- 
■ication (A. S Z. and R B , submitted); in these constructions no am no 
ands were introduced into :he junct on of *hese fusion prote'ns LexA- 
FU53 and LexA-CdcJ, wh-ch contain the entire yeast FuSi and the 
h'.man Cdc2 proteins vvere as descibed (J Gyuns, E A Go errns, anc 
R B suomitted). LexA-CLN3, wh-ch contains the entire yeast CLN'J 
coding sequence was a gitf of Jeno Gyuns; LexA-bicoid. wnich con- 
uj fiLNj i';;iidues t - ' uv o* me urosopnua d : co>o gene p r oouc* was a ji' 1 
fn-m Russ Fmley, Le/A-n-Myc. conta nee the 102 C-termiral amino 
auds of the n-Myc protein mc udirg the bHLH-Z p; LexA Id. wh ch 
contained ammo aciCs 64-133 of the human id orotem, *as a -jiff 
o 4 Steve Sloan and Tom Kadesh; LexA-Ha 'y and LexA-Da, when 
contained the full-lerqth Drosophila hairy oroduct and residjes 465- 
701 of the daughter ess product was a gift uf Ze'ev Parroush , : md Da /i<j 
Isn-Horowicz. 

Library 

Tne oligofdTi-pnmed HeLa cDNA yeast expression library will be 1e- 
sc-'bed elsewhere (J Gyuns et al , unpublished data). Trc vector. 
pJG4-5. directs the synthesis ot i!b r a r y-encoded proteins tha* carry at 

their amino termt^i. the nf lijenza V ! f us H A 1 pp ifnpp ?ag ♦hnP4Par i j:^ 

activation domain. a ^d the SV40 nuclea^ localization s:gnal. 




Selection of Max Interactors 

An ^leraction trap select. on (J Gyur^s. b A GoU'm.s and R B . 
j'-'p^bhshed dataj was performed in EGV48 into wh.i.ri pjK 1 03 a-v: 
p L ■■ Max had been introduced by transformation Th.s sUa.n was ma. r i 
tamed uncer selection for the URA3 ana HIS3 markers and was trans- 
formed with the heLa >nteM( Tion library using a va f, at on of the hth'um 
acetate method o* Itc et al (1 983) (R Fin ey, personal ( ommunication) 
A total of 750,000 pnrnary yeast transforrnants were selected on ten 
cb < 25 cm Ura His Trp -glucose plates, scraped, oooied, and 
stored -a\ 7Q°C. p iatmq efficiency was determined <^ Lira Ms Trp - 
uaiact' >se piates and 5 colony-forming units per original trans'ormant, 
app'0> ornately 4 x 10" cell-., was plated on two ;-t-nda r d Ura His 
Trp Leu -galactose plates Three days later, colonies appeared, 
tnese were restreaked and tested c n Ura His Trp > -gai-glucose and 
U r a H.s Trp <-gal-galactose. Plasmids from colonies that g r ew on 
Leu p-ates and 'urned blue on /-gal medium were so'ated as de- 
•>criL-eo by Hoffman and Winston ( 1 987) and introduc ed mto fi.CB ceiis 
:y e'ectrcp oration. Library plasmids were selected by plating thevars- 
'ormat'on mix on 1 < A glucose plates containing ampicillin, uracil, 
nistidme, leucine, arid thiamine (Miller, 1972). but lacr-ng tryptophan 
cDNAs were analyzed fi'st by ^estr^ct on mapping using EcoRI, 
-hoi. and AM enzymes and sorted into classes depending on their 
esinct.on map pattern. At least one representative cDNA from each 
ciass was oartiaiiv sequenced by the dideoxy meir cc using modified 
T7 DNA polymerase and a < ommen::ia!!y available r ('JS Bonnen: 
calsi The full-length cDNA clone for Mxi1 was isolated from a He< a 
oDNA bra r y in aZAPW (Stratagene, Inc ). A total of 1 5 > 10'plaques 
were s< reened using standard techniques (Ausubel et a:. 1 992). Three 
oosit'V'"- cif'nes ^vere isolated, of wn r.b the longest cnntnioed a cDNA 
msert of 2. 4 kb. Following phagemid rescue the cDNA was completely 
sequenced using customized oligonucleotide pnmers and collapsed 
supercoiled DNA as template as above 

DNA Binding Assays 

Gel retardation DNA binding assays were performed essentially as 
descr.bed .n Papoulas et al. (1992). Punf'ed Max and c-Myc oHLH- 
Zip (which contained residues 342-439 of human c-Myc}, made from 
'ecomhinant E. coii, were gifts of Ophelia Papoulas GST-M»:i1 was 
made as follows: a fragment that contained the entire codmg sequence 
• ) f M.'.i 1 wab ampi'^ied usmq polymerase chain reactic-" subcloned into 
pGE<-2"I (Pharmacia), and transformed into DH5u ceiK. The 'usicn 
p'otein was nduced anc isolated as described (£.mit h and Ccrcora' . 
"989). A double-stranded oligonucleotide, 5'-GGAAGC AGACC ACGT- 
GGTr 7GCTTCC-3'. that contained the CACG T G c onsensus site was a 
gift from Thanos Halazonetis Approx mately 0.5 ng cligonudeotice 
was end abeled wth [v-"p]ATP. Bmdmg assays conta ned the inc - 
catecJ concentrations of puri'ied Max. c-Myc bHLH- Zip GST-Mxi', 
and 0 b ng of the laoeled DNA p r obe Assays weie performed m a 
volume of 20 [i\ sc- that the concentration of binding site was 2 5 < 
"0 "M the concentration of GST--Mxi1 r anged from 3 > 10 ; M(1 ul 
cf M>ii n me bmd-ng reaction) to V5 >: 10 " M (5 ui n 'he binding 
react. on j, tne concentration of Ma> was typical ly 5 « 10 '' M. and 
tne c3^certration of c-Myc bHLH-Z^p, which had bee n purified after 
reriaturitiofi after guanicium treatment of an msoiuDie protem peile". 
was 3 5 x 10 M. In these .assays, the polyidl-dC) offer, used as a 
noosoeeific competitor was substituted with 200 (1200 x molar 
excess ever labeled oligonucleotide) of a nonspecif r ^m.^e-sfanded 
cl gc n , -.leorido i5'-G T AATGC ATCCACTTC-3} (as ~r • i ai ironetis an ;j 
ham] I "991) Binding was allowed to proceed *or 20 mm at room 
tempe f ature in reaction buffer that contained 1 0 mM T r s (pH 7 4), 80 
nM NaC! * mM dith othreitol, 5 !l /b glycerol. Whe r e ndcated, 1 ui cf 
e the r ci.mtr j| or art -Max antiserum was added to the reactions Bind- 
ing murures were r-jr on a 5°-o polyacrylamide gel (29 1 acrylarmde 
t sacrvl ar-rde> that contained 0.5x TBE buffer 0 0'"o r JP-40 
v.itn :urn!rg buf'er that contained 0 5 x TBE and 0 05 : u \P-40. after 
whicn gels vvere dr ed and autoradiographed 

RNA Isolation and Northern Blot Analysis 

mRNA *r 0m d ffere r n atrg U-937 and HL 60 cells was a gift :f Ra ( 
Mass ar d Dcnald Ku'e. Ceiis were grown in RPMI I64u comaminij 

. -j i .-j ^ a^i/i-i -j-'j^ui hl -Ouj I'Cdi-iMduiiViaieu ici 31 uuv ntr : jfcr Tu m . 

190 'J'r perncniin. 100 lig/mi streptomycin, and 2 mM L-giutamine 
U-937 cells were treated with 32 nM TPA iSigmat and HL-60 ceils 



,%•■'>■ Seated a !' 1 .Al 'etmoic aud iS-gmai *o r the indicated ! mes 
Total RNA was eclated as.ng the guan dine .soih.ee y anale cesium 
chloride method Chirgw.n et al . 1970) H N A (20 ugj 'rem <^r;h nme 
pr , ri t 'un on anarose ■ formaldehyde gels and tran -for r*_ui to 
nylon membrane ><Zeta P r ob», B.o-Hnd). ulf av nlet cross-linked, and 
hybridized as described (Aasubei et al . 1992} to the following 
'■^ labeled DMA probes: probe a. a 425 bp -hol-Xhol fragment from 
pTZ8 correspond ng to nucleotides 595 to 10. 0 of M:<i 1 , p'Ot e b, a 460 

u~ r~«[JI Q^Ui Irann.onl from nla=>mid llSHlTiaX (A S. J.. UHpUb' 

I, shed data) carrying the full-length coding s-quence of Ma- probe c, 
a 1 325 bp EcoRI-BamHi fragment from pSHrnyc (A S Z.. unpublished 
data: that contained the human c-M/c coding sequence; probe d, a 
1268 bp Pstl-Psti fragment that carried the '.jl. -length human ;l y ceral- 
dehyde phosphate-den ;drogenase {GAPD) coding sequence (Toku- 
naga et al. 1987). 
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